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ABSTRACT
The Sygnefjell area straddles the northwestern margin of the Jotun Nappe.
It has a tectonically stacked sequence of four fundamental rock units, 
tentatively dated from regional correlations :-
1. Basal Gneiss:- Precambrian autochthonous granodioritic orthogneisses.
2. Parautochthonous cover:- Cambro-Ordovician quartz schists, 
quartzitic psammites and limestones.
3. Supracrustal allochthon:- Precambrian and possibly Cambrian 
arkosic psammites, metavolcanics, conglomerates and limestones.
4. Jotun Nappe:- Precambrian strongly tectonized orthogneisses 
overlain by, and correlated with, meta-gabbros and monzonites 
preserving igneous textures.
All units have undergone polyphase metamorphism in the greenschist and 
epidote-amphibolite facies during the Caledonian orogenic cycle. This 
imposes marginal tectonic and metamorphic concordance with the supracrustals 
upon the enveloping crystalline rocks which have undergone earlier 
tectonometamorphic events.
Accompanying metamorphism are several phases of deformation, of which 
three produce the pervasive textures and tectonic superposition of the 
Sygnefjell sequence. These are :-
and D2 :- Isoclinal folds producing a composite (and often mylonitic) 
penetrative schistosity and banding. The D2 folds face northwest where 
strain is lowest, but rotate towards the Ü2 finite extension direction 
(southeast at 25°) with progressive shear.
Dg:- Early Dg structures are mostly small, asymmetric, northwest verging 
buckle folds developing, with continuing deformation, northwesterly directed 
thrusts in the forelimb. These early folds are cross-cut by later brittle 
thrusts which sometimes follow D2 mylonite zones. Footwall cut-offs.
I I
imbricate geometry and direction of climb are all indicative of 
northwesterly displacement. Later deformation events ( to D^) are a 
response to tectonic thickening of the succession during Dg.
From a knowledge of the deformation sequence, amount of ductile strain 
and direction and amount of tectonic movement a tentative restoration 
of stratigraphie thicknesses and relationships can be made. This restor­
ation and the structural data used in its construction imply a reinter­
pretation of the provenance of the Jotun Nappe and underlying supracrustal 
rocks.
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CSIAPIEBÎ 1 
IMTRQDyCTKQM
1 . I THE STUDY AREA 
1-1.1 LOCATION AND TOPOGRAPHY
The Caledonian orogenic belt runs for ITOO km along the western sea-1 
of Scandinavia, forming a mountainous spine to Norway and Sweden, see fig, 1 - ' 
Within this belt the Jotunheimen Mountains of South Central Norway rise 
eastwards from Sognefjord to heights greater than 2400 m.a.s.l. The Sogndal - 
Lorn road (55) crosses these mountains on their northeastern side from the 
head of Lustraf jorden in the west to Boverdalen in the East. Sygnefjell, the 
area of this study, is a dissected plateau at the highest part of this pass, 
mid-way between the villages of Fortun and Galdesand;see fig, 1 - 2 ,  Access 
is by the 55 road, normally ploughed clear of snow in mid-May and inaccessible 
after mid-September.
The region investigated extends from the glaciers Fanaraakibreen and Boverbreen 
northwards to the shores of the lakes Storevatnet and Hoydalsvatnet. It 
largely lies on the Sygnefjell sheet(15l8 11 1) and partially on the Visdalen 
sheet (1518 11) of the 1:50000 Army Map Service topographic maps. Massive 
crystalline rocks of the Jotun Nappe are exposed in the south of the area, 
and to the east and southeast form the highest mountains in North Europe. 
Outcropping north of this nappe, in a swathe across Sygnefjell, is an 
allochthonous sequence of mostly supracrustal rocks overlying autochthonous 
basement at a contact extending from Storevatnet to Hoydalsvatnet in the 
northwest (fig. 1 - 3 ).
The elevation of the area ranges from 800-1700 m.s.a.l. but is mostly 
about 1400 m.a.s.l. comprising steep-sided hills (in the Jotun Nappe) or a 
scarp/slope topography (in the supracrustal rocks) with 200-400 m. relief. 
Glacial activity has eroded impressive U-shaped valleys, notably Brieseterdalen 
and resulted in excellent exposure in all lithologies, although in the
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valleys themselves good exposure tends to be restricted to their precipitous 
sides. Obscuring factors are moraines about the receding glaciers and the 
initially (in early summer) heavy snow cover.
1.1.2 FIELDWORK
To construct base maps suitable for detailed structural investigation the 
1:50000 Army Maps were redrawn at a scale of 1:10000 by Mr. N. Sinclair-Jones, 
these redrafts then being photographically reduced to 1:20000. Marginal 
error is below resolution with a ruler.
Fieldwork was undertaken over the summers of 1979 to 1981. The length of 
time spent in the field was largely determined by the weather and varied from 
9 - 1 5  weeks. Fig 1 - 3 shows the area covered by 1 :10000 mapping:- a 2-4 km 
wide cross-strike traverse from basement through the supracrustal allochthon 
to the Jotun Nappe. This traverse was extended along strike at a scale of 
1:2 0 0 0 0.
1.1.3 PREVIOUS RESEARCH
A number of geologists have included the Sygnefjell area within more extensive 
investigations into the northwestern overthrust margin of the Jotun Nappe.
The earliest of these was by Rekstad (1914), extending his earlier (1905) 
work around Sognefjord, to the west. He believed the Jotun Nappe to be 
intrusive to, and younger than, the underlying supracrustals. Later 
workers have all recognised the antiquity of the Jotun crystallines and 
their allochthonous nature - Landmark (1949), Roberts (1977). Banham et al 
(1979). Flinn (1961), comparing the geometry of pebble strains in Shetland 
and Jotunheim, included some observations from a quartzite conglomerate 
(the Vassenden Conglomerate) in the northeast of the area covered by the 
present research. The Vassenden Conglomerate also figures in the work of
Cowan (1966) and Twist (1979). The most complete geological map of 
Sygnefjell, at a scale of 1:50000,is Banham and Gibbs (in press).
The significance of research in the Sygnefjell area will be discussed in 
a regional context in section 1.2 .
1.2 REGIONAL GEOLOGICAL SETTING
1.2.1 INTRODUCTION
The Scandinavian Caledonides of fig. 1 - 1 comprise two fundamental elements:- 
basement with autochthonous/parautochthonous cover and allochthonous nappes. 
Early plate tectonic reconstructions of the Caledonian/Appalachian orogen 
(Wilson, 1966 Dewey 1969) suggested that the suture of the closed Proto- 
Atlantic (lapetus) Ocean, between the Baltic and Laurentian plates, lay beneath 
this extensive pile of nappes. The evidence upon which these deductions were 
based have been largely refuted by later, more detailed, work (e.g. Nicholson 
1 97 1) and most reconstructions now place the lapetus suture offshore, west 
of the Norwegian coastline (Gee 1975.Furnes et al 1976, Phillips et al 1976). 
The major thrust faulting which accounts for present nappe distribution (except 
in Finnmark) is thought to have occurred in late Silurian times (Gee 1978).
The peak of orogenic metamorhism was somewhat earlier, prior to nappe 
emplacement (Sturt et al 1980). Variation in the nature of the 
allochthon along the length of the belt allows longitudinal subdivision 
and a South Norwegian Nappe Complex to be defined (Strand 1^72, Sturt and 
Thon 1978). This is largely confined to a synformal trough, termed the 
Faltungsgraben by Goldschimidt (1912), which extends from Bergen for 300km 
to the northeast, through the Jotunheim Mountains; see fig. 1-4. From here 
the Central Norwegian (Trondheim) nappe system continues with a more north­
erly trend. Three major nappe complexes lie
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within the Faltungsgraben, the Bergen, Bergsdalen and Jotun Nappe complexes, 
and these separate two areas of basement with their autochthonous cover, 
as shown in fig. 1 - 4 .  These are the six units to be described in sections
1.2.2 to 1.2.7. It is generally thought that the south Norwegian nappes 
are far travelled (Holtedahl 1936) rooting to the northwest (Hossack 1978). in 
agreement with the recent plate tectonic models mentioned previously. This 
will be discussed in setion 1.2 .8 .
1.2.2. THE TELEMARK BASEMENT GNEISS COMPLEX
This underlies the whole of Norway southeast of the Faltungsgraben, see 
fig. 1 - 4 .  It consists of a central region of gneisses and plutons overlain 
by more varied supracrustal sequences. All are Precambrian in age (Onions 
and Heier 1972, Versteeve 1975). They were deformed together in the 
Sveconorwegian (^ 1000 Ma) orogenic cycle, perhaps a part of a cordilleran - 
type orogen (Torske 1977). This is the time of the climax of regional 
metamorphism (Versteeve 1975). with later local retrogression resulting 
in the present range from greenschist to granulite facies (Torske 1977)
1.2.3. THE WESTERN GNEISS COMPLEX
This extends northwestwards from the Faltungsgraben with continuous outcrop 
to the Norwegian coast, where it is overlain by several synformal structures 
preserving Devonian and probable Lower Palaeozoic rocks. The Western 
Gneisses are mainly granitic to grandioritic in composition, with basic 
to acid intrusives and ultramafite, eclogite and anorthosite as layers 
or lenticular inclusions. There are also metamorphic supracrustals; 
quartz-feldspar psammites, mica schists and marbles. Most rocks have been 
metamorphosed in the
amphibolite facies but higher grade relics are present in the west 
(Lappin 1966, Bryhni et al 1969). Bryhni (1966) proposed a subdivision 
of the Western Gneisses into two groups, the gneisses and intrusives 
forming a Precambrian basement (Jostedal complex) to more heterogeneous 
overlying rocks (Fjordare Complex-supracrustals, eclogites, anorthosites) 
in his view equivalent to the Precambrian and lower Palaeozoic thrust 
masses of the Faltungsgraben (see on). These two groups are widely 
recogniseable e.g. Breuckner et al (1968), Strand (1969) and Carswell
(1973), although their actual and relative chronology remains problematic­
al.
The whole region was considered to be Precambrian in age until Barth 
(1938) and Holtedahl (1938) postulated that it contained younger elements, 
a view supported by Bryhni's (1966) interpretation above. However, 
it now appears that the Fjordane Complex represents an older (i.e. 
Precambrian) supracrustal sequence than Bryhni originally suggested.
Whole rock ages from it of 1600 1800 Ma have been derived (Bryhni et 
al 1971, Pidgeon and Raheim 1972, Bryhni 1977, Brueckner 1979) and 
if generally applicable suggest that supracrustals which originated 
during the Caledonian orogenic cycle are of minor importance in the 
gneiss region. (Raheim 1977, Brueckner 1979). Carswell (1973) suggested 
that the Jostedal Complex was younger than the Fjordane Complex, and 
that the latter was either intruded by,.or thrust over, the former. Whole 
rock ages of 1000 Ma from the Jostedal Complex appear to substantiate this 
but are derived from a suite of intrusive granites (e.g. the Hestbrepiggane 
Granite, Banham 1968, Priem et al 1973); older dates of 1700 Ma (Krogh 
1977) indicate that the Jostedal Complex too is older, than previously 
thought. Both complexes show a rejuvenation, identifiably on the basis 
of individual mineral ages of between 500 and 350 Ma, indicating that 
they have
undergone Caledonian reworking. The pervasiveness of this is unknown.
The old (pre 1000 Ma) dates may be metamorphic ages, and the Western 
Gneisses thus the result of ancient (Svecofennian and Sveconorvwegian) 
orgenesis (Brueckner 1979). Alternatively the old dates may be ages 
of magmatic crystallization of the gneiss parent rocks, and the 
subsequent Caledonian orogensis led to only minor disturbance of the 
whole rock isotopic system (Cuthbert et al 1983).
1.2.4. AUTOCHTHONOUS AND PARAUTOCHTHONOUS COVER
A fossiliferous 2000m thick succession of Cambrian to Silurian sediments 
lie in a basement depression north of Oslo. This consists of marine 
shale, limestone and sandstone, into the Lower Silurian, interpreted as an 
"Eastern" or miogeosynclinal sequence deposited on the Baltic foreland 
of the lapetues ocean. These marine rocks pass upinto 1000m of late 
Silurian continental sandstones. Only some of these sediments are in 
situ, folding and faulting increasing northwards towards the Caledonian 
nappes, being overidden by the lowest thrust sheets of the Jotun Nappe 
complex at the northern end of Lake Mj^sa. A thin autochthon or 
parautochthon, inferred to be of Cambrian and Orovician age extends 
beneath the Faltungsgraben, outcropping again on its northwestern margin 
(Rekstad 1914, Landmark 1949, Banham et al 1979).
1.2.5. THE BERGSDALEN NAPPE COMPLEX
These nappes dip into the Faltungsgraben with steeper dips (30-40°) 
on the northwestern side. They are overlain by the Bergen Nappe Complex 
in the west and the Jotun Nappe Complex in the east - see fig. 1"4.
Kvale (1946) differentiated a lower and upper part. The lower Bergsdalen
10
Nappe overlies the Western Gneisses on a thin zone of mica schist. It 
is an assemblage of Precambrian gneisses and supracrustals, intruded 
by gabbroic, quartz dioritic and granitic plutons which have been dated 
as old as 1274 - 48 Ma (Pringle et al 1975). The supracrustals are in 
part meta-volcanic, although certain of these have been re-interpereted 
as mylonitic gneiss by Sturt and Thon (1978). The lower Bergsdalen 
Nappe was deformed while in the amphibolite facies of metamorphism, 
prior to thrusting (Kvale 1946, 1960).
The Upper Bergsdalen Nappe is separated from the Lower Bergsdalen Nappe 
by a thick unit of greenshicst facies phyllites of uncertain Lower 
Palaeozoic or Precambrian age. The Upper Bergsdalen Nappe contains 
assemblages similar to the Lower (supracrustals, plutons) with a sheet 
of acid basement-type gneiss and localized anorthosite kindred rocks 
(Kvale 1960) of uncertain tectonostratigraphic position..The upper 
nappe is also at a lower metamorphic grade - upper greenschist/epidote 
amphibolite facies. The metamorphism of the complex was considered 
by Kvale (1960) to be Caledonian in age but Sturt and Thon (1978) 
believe a constraint is put on the effect of Caledonian metamorphism 
by the maximum grade attained in the Lower Palaeozoic (?) phyllites 
- greenschist facies. They infer that the higher grade metamorphism 
is pre-Caledonian.
1.2.6 THE BERGEN NAPPE COMPLEX
This is preserved within an arcuate synform (the Bergen Arcs - Kolderup 
and Kolderup 1940). To the east it oversteps the Western Basal Gneisses 
and Bergsdalen Nappes and to the west it overlies the Oygarden Gneiss Complex 
of Svecofennian age (Sturt et al 1975). This forms local basement 
but may be allochthonous (Sturt and Thon 1978).
11
The lowest of four major structural units in the Bergen Nappe Complex 
are the Bergen Schist Arcs, further subdivided into two groups separated 
by a stratigraphie unconformity. The older Samnanger Complex consists 
of polymetamorphic (up to amphibolites facies) supracrutal rocks of 
Lower Palaezoic (Faerseth et al 1977) or Precambrian (Hopper 1980) age.
The overlying Holdhus Group is of varied metasedimentary rocks and 
contains Ashgillian and Llandoverian faunas. Peak metamorphism, 
in the greeschistfacies, predates thrusting.
Structurally above the Bergen Schist Arcs is the Ulriken Gneiss Complex, 
a series of thrust slices of metasedimentary rocks interlayered with, 
and in some cases an unconformable cover to, amphibolite facies gneisses. 
The last of several anatectic events in the latter is dated by Sturt 
et al (1975) at 1440 - 100 Ma. The cover of sediments are in the lower 
greenschist facies and are regarded as Lower Palaeozoic (Sturt and 
Thon 1978).
Overthrust onto the Ulriken Gneiss Complex in the east is the Anorth­
osite Complex, a varied association of para-and orthognisses with 
plutonic igneous rocks. The oldest members (1775 Ma, Sturt et al 1975) 
are anorthositic in composition. These have a protracted granulite 
facies history (Griffin 1972) prior to the intrusion of younger managerites 
(1064- 24 Ma Sturt et al 1975) which have also been subject to granulite 
facies metamorphism (Griffin 1972). The Anorthosite Complex shows much 
evidence of (mainly Caledonian - Sturt and Thon 1978) reworking in the 
greenschist and amphibolite facies.
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Nappe of gneisses, granites and supracrustrals of probable Precambrian
age (Sturt and Thon 1978).
1.2.7 THE JOTUN NAPPE COMPLEX
This series of thrust sheets dips into the Faltungsgraben at a moderate 
angle on their northwestern margin. The southeastern margin has a flat 
lying allochthon capable of sub-division into three major units (see 
fig. 1-5). The lowest of these is the Quartz Sandstone Nappe (also 
called the Vemdal or Osen Nappe), overlain by the Valdres Nappe (also 
called the Lower Jotun Nappe) with the Jotun Nappe itself (also called 
the Upper Jotun Nappe) the highest unit. These will be described briefly 
before the problematic extension of this succession onto the northwestern 
margin of the Faltungsgraben is discussed.
The Quartz Sandstone Nappe comprises two thrust separated sequences 
of Vendian psammites (the Upper and Lower Vemdal Nappes of Hossack 1978) 
which are each overlain by a Cambrian to mid-Ordovician (Sturt and 
Thon 1978) succession of limestones, quartzites and slates.
The oldest rocks in the overlying Valdres Nappe are Precambrian gneisses 
of similar type to those in the Jotun Nappe (Hossack 1972). The 
crystalline base is in part succeeded by a primary stratigraphie unconformity 
above which is the mainly Upper Riphean Valdres Group of metasedimentary 
rocks:- conglomerate, basic gr^wacke and arkosic psammite. The conglomerates 
contain clasts of quartzite and gabbro (Hossack 1972) and the latter, 
with mesoperthite grains in the arkoses, have been interpreted, after
13
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Goldschmidt (1916a), as detritus derived from the Jotun Nappe above.
The Valdres Group attains 3-4 Km in thickness (Loeschke and Nickelsen 
1968) and locally passes up via the Moelve Tillite into a mostly 
fossiliferous Cambro-Ordovician sequence, the Mellsenn Group.
Metamorphism of the supracrustal part of the Valdres Nappe and the 
Quartz Sandstone Nappe does not exceed the lower greenschist facies 
(Hossack 1978).
At a structural level similar to the Valdres Nappe, outcropping to 
the northeast, is the Kvitvala Nappe. It consists of comparable 
meta-arkoses to the Valdres Group but lacks the gabbro conglomerate 
and basic greywackes (Strand 1972) and so its correlation is unsure., 
(Englund 1973). Iversen (1981) shows conglomerates and greywackes 
similar to those of the Valdres Nappe to overlie light-coloured meta- 
arkose (of the Kvitvola Nappe) in the Vaga area.
The highest unit of the Jotun Nappe Complex is the Jotun Nappe itself. 
This is composed mostly of basic and intermediate othogneisses of 
amphibolite and granulite facies, with anorthites and ultrabasic 
rocks (H0dal 1945, Battey 1960, Strand 1972). These diverse rocks, 
and those of the Anorthosite Complex of the Bergen Nappes, were 
regarded as a single genetic series by Goldschmidt (1912), the Bergen 
-Jotun Kindred. He went on (Goldschmidt 1916) to draw a distinction 
between hypersthene - bearing gabbroic igneous rocks and mineralogically 
similar rocks which lacked igneous features; these being called Jotun 
norites. This subdivision was elaborated by Battey (1965) and Battey 
and McRitchie (1973) who recognised the high grade nature of Goldschmidts
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Jotun -norites and identified them as an "axial group" of dominantly 
granulite facies gneiss which were surrounded by a subordinate 
"peripheral group" of mostly amphibolite facies igneous rocks. The 
boundary between the two groups is always faulted, thus obscuring 
their primary relationship. Battey and McRitchie (1973) cited the 
presence of a dolerite dyke cross-cutting the axial group foliation 
on Storegut as evidence of a late basic magma, possibly correlatable 
with the peripheral gabbros i.e. these peripheral rocks were intruded 
into the deformed, higher grade, axial gneisses. The discovery of 
granulite xenoliths within peripheral gabbros (Twist 1979) supports 
this. However, Emmett (1982) noted the compositional similarity 
of peripheral and axial rocks and inferred them to be different levels, 
now tectonically juxtaposed, of the same composite intrusive body.
Thes^ rocks are Precambrian in age, although later rejuvenation has 
given a wide range of K/Ar mineral ages (Battey and McRitchie 1975). 
Rb/Sr and U/Pb dates indicate magmatic activity over the period 
1200 - 900 Ma (Sturt et al 1975), Scbarer 1980). A metamorphic event 
at about 900 Ma has been recognised (Scharer 1980). Granodioritic 
intrusions cross cutting granulites of the axial group give a whole 
rock age of 887- 101 Ma (Koestler 1982).
1.2.8 DISCUSSION
The concept of overthrusts was introduced to Scandinavian geology 
by A.E. Tornebohm in the latter part of the nineteenth century
l6
(quoted in Strand 1972). However, early workers in the Hardangervidda 
district (Brogger 1893) and central Norway (Bjorlykke 1905), while 
recognising that crystalline massifs overlay sedimentary rocks 
(Valdres Sparagmite and Lower Palaeozoics), sometimes with mechanical 
contacts (Bjorlykke 1905), were reluctant to accept this doctrine.
Rather they postulated that the junction between the two rock types 
was a metamorphic boundary with an upward increase in metamorphic 
grade related to igneous rock intruded (as laccoliths) above the 
sediments. Working on the northwestern margin of the Joutn Nappe 
Complex, including the Sygnefjell area, Rekstad (1914) re-iterated 
this view. However, elsewhere in Nbrways marginal Caledonian thrusting 
had been recognised by Schiotz (1902). Goldschmidt (1916) was the 
first to suggest that the Bergen Jbtun Kindred rocks were transported 
on a basal thrust plane. He believed displacement to be quite small 
with the faults rooting within the Faltunsgraben.
In a paper in 1936 Holtedahl advanced the opinion that, contrary 
to Goldshraidts hyposthesis the Jotun Nappé was rootless, and "floated 
for a large distance over the underlying sediments. This opinion 
is now generally accepted (Strand 1972), as is a western, eugeosyn- 
clinal, source for the nappe rocks (Kvale 1953, Stormer 1976).
It has received support both from structural analyses showing long 
distance (minimum 100-290km, Hossack 1978, Nystuen 1981) and from 
plate tectonic interpretations e.g. Nicholson 1971, Gee 1975. In 
this model, ..then, the Jotun Nappe Complex is an extensive but relatively 
thin klippe and the Western Gneiss a larger window outcropping in the 
core of a northeasterly trending antiformal structure. This formed 
subsequent to nappe transport from a Caledonian (lapetus) suture sit­
uated off the western seaboard of Norway. A section across this structure
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I S  shown in fig. 1-6, and this is in agreement with the 
interpretation preferred by Aalstad et al (1977) for a magnetic 
anomaly associated with the Jotun Nappe; a mass of gabbroic rock 
is thought to extend only to 3km depth.
However, not all investigations have concurred with this mode?-. A 
Bouger gravity map of the Jotunheim is reproduced from Smithson et 
al (1974) in fig. 1-7, The Western and Telemark Gneiss Complexes 
show a stong negative anomaly indicating the crust to be thick and 
of relatively low density. However, this negative anomaly is less 
marked beneath the outcrop of the Jotun Nappe, which produces a regional 
gravity high of + 58 m.gals;. This could be due* either to a thinner 
continental crust or one including greater quantities of dense rock. 
Seismic traverses (Sellevol 1972, Kanestrom 1977) show that the 
southern Norwegian crust is 32-40 km thick with its thickest part 
below the outcrop of the Bergsdalen - Jotun nappes (see ^ig. 1-8).
The Jotun Nappe Bouger anomaly must then be related to dense rocks 
in the crustal section rather than a thinner crust. Smithson et al'
(1974) deduce that these dense rocks are best interpreted as a part 
of the Jotun Nappe, and produce best fit models in which the nappe 
has a local root between 8 and 16 km deep. They note comparable 
positive Bouger anomalies over the Alpine Ivrea aone (Mueller and 
Talwani 1971) and suggest a similar genesis for the Jotun Nappe.
Some field work on the northwest margin of the nappe also appears 
to favour the hypothesis of local derivation. Skjerlie (1957)
Kvale (1960), Oftedahl (1961) Barkey (1970), Battey and McRitchie 
(1973, 1975) and Banham et al (1979) all considered that structural 
features indicated that nappe transport, or a component of nappe 
transport, was towards the northwest. A second model can thus be erected
18
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in which the Jotun Nappe is derived from below its area of outcrop 
and tectonic transport is directed away from the axis of the 
Faltungsgraben - the Jotun suture of Banham et al (1979).
1.3 PRESENT RESEARCH
The Sygnefjell area is well situated for an investigation of the 
ductile and brittle response of a sequence of older gneisses and 
(previously underformed) supracrustal rocks to Caledonian orgenesis.
This has involved the establishment of structural, metamorphic and 
techtonostratigraphic successions for the area by means of field 
mapping and (petrological and geochemical) laboratory work. Co-ordinated 
with this is a study of the amount and timing of tectonic finite strain 
deduced from the measurement of deformed "objects" in the tectonostrat- 
igraphic succession.
Structural geometry, in particular, provides information about the 
direction of tectonic transport in the northwest marginal overthrust 
belt of the Faltungsgraben. This is critical evidence in the 
discrimination between the two alternative models for the origin of 
the Jotun Nappe outlined in section 1-2-8. The well defined direction 
of movement of the southeastern marginal zone is consistent with either 
model.
2ü
CHAPTER 2
PETROLOGY AND TECTONOSTRATIGRAPHY
2.1 INTRODUCTION
Four fundamental elements can be recognized in the succession of 
rocks outcropping on the Sygnefjell plateau - basement, parautochthonous 
cover, supracrustal allochthon and Jotun Nappe. These are shown in 
Fig 2-1 which also indicates correlations with the sequence established 
by Banham et al (1979) in the Turtagro area, a few kilometers to the 
southwest.
The junctions between each of these units are thrust faults and so all 
(except basement) are to some degree allochthonous, The sequence of Fig 
2 -1 therefore constitutes a tectonostratigraphy, and forms the basis for 
this chapter. Each major unit (together with a fifth group comprising 
gnesses of conjectural affinity) is described sequentially in sections
2.2 to 2.6, and each is further subdivided internally. No radiometric 
or paleontological ages are known from the Sygnefjell area, but 
tentative dating impossible from regional considerations, and will be 
discussed at the end of each section. It suggests that the gross 
sequence of the rocks overlying basement is inverted.
Modal analyses have been carried out on a representative sample of 
these lithologies, the results being presented in tables 2-A to 2-J. 
Anorthite percentages in plagioclase are also given, having been deter­
mined by the Michel Levy method. A fuller account of these techniques is 
given in Appendix I. The descriptive terminology of grain boundaries
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follows Spry (1969).
2.2 THE BASAL GNEISSES
2.2.1 INTRODUCTION
Forming a basement to the thrust fault bounded stratigraphy on 
Sygnefjell are a variable sequence of mostly granitic or granodioritic 
gneisses. These too are cut by faults at their higher levels, being 
imbricated within the overlying metasedimentary rocks. Quite massive 
and crystalline they form progressively higher, well exposed ground 
northwards away from this contact. Three divisions will be described:- 
banded gneisses, augen gneisses and pegmatites intrusive to these. Examples 
are plotted on the modal differentiation diagrams of figs 2 -7 and 
2- 8 .
2.2.2 BANDED GNEISSES
These are the fundamental granodioritic lithology. Although the essential 
mineralogy is consistent (quartz, feldspars and biotite) the banded 
gneisses show a range of appearance. Mostly they are massive leucocratic 
rocks, closely (0.5-10cm) but diffusely banded, such as that of plate 
2-1. These can be difficult to distinguish from the feldspathic 
psammites which are an important component in the overlying supracrustal 
nappes, a problem addressed by Roberts (1978). The banded gneisses 
are less quartzose, have enclaves of augen gneiss and numerous 
pematites. As the biotite proportion increases the banding broadens 
and becomes more distinct. A penetrative schistocity is developed within, 
and parallel to, the biotite bands. This fabric (fig 2-2) is parallel
23
Plate 2-1. Basal Gneiss,GR 4]11 ]l4l.
Pegmatites cls a component of the bajiding and discordant to it. View S,
«
Plate 2-2. Basal Gneiss,GR 428? 310].
Microcline augen forming prominent rods defining View NE.
o o
oo
Comparative -tf pole plot of S2c in basai gneisses:-
o Those within 150 m of the o u tc ro p  of the th ru s t  a t  the 
base of the m etasedimentary pa ra u to ch th o n . n= 28-
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FIG 2-2
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•  Basement pegm atites  
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to the southeast dipping S^c of the overlying supracrustal nappes,
and with the thrusts dividing the succession.
Specimens NCT 116, NCT 145 and T44 of table 2-A are banded gnesses, 
and show the groups range of modal mineralogy. Sodic plagioclase is
the dominant feldspar. In specimen NCT 116 no alkali feldspar can be
identified, and the plagioclase is little altered albite in crystals 
up to 1.5 mm across. In the other two specimens the plagioclase is 
saussuritized and occurs as larger porphyroblasts (up to 3mm) with an 
alkali feldspar often identifiable as microcline. In all specimens 
feldspar also occurs as a matrix phase with fine (0.05-0.3 mm) quartz. 
Pure quartz lenticlescontain coarser grains (0.5-lmm). Biotite (laths 
<0.5mm) and epidote form thin diastamosing films within the quartzo- 
feldspathic component, and thicker, essentially bimineralic bands. The 
biotite cleavage is shared to a varying degree by all minerals. Quartz 
and feldspar show internal strain features - undulose extinction and 
brittle fractures.
2.2.3 AUGEN GNEISSES
These occur as banding - conformable lenses up to 300m long within the 
gneisses previously described. The rock is distinctive having large 
cream coloured augen of feldspar, sometimes mesoscopically fractured 
and invaded by quartz, enwrapped by dark grey biotite sheaths. The 
augen lie as flattened ellipsoids within the biotite cleavage, their 
long axes approximately parallel to the stretching lineation in the
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psammites of the overlying parautochthon. Perpendicular to this 
they reach 8 by 4 cm in size; see plate 2-2.
These are the only basement rocks analysed to have a granitic modal 
composition (table 2-A). The augen consist mostly of microcline, 
often in large grains (1 cm or more). They are usually fractured, 
the cracks being the sites of quartz crystallization. Quartz and 
weakly saussuritized albite also form fine grained enclaves within 
the body of the augen and smaller, polycrystalline lenticles separate 
to them. Polygonized quartz in these can reach 1mm in diameter.
The augen are separated by narrow foliae of micas (biotite, muscovite 
and chlorite) and epidote. Epidote grains, up to 1 mm long, are 
equant or weakly orientated parallel to the mica cleavage, and occur 
mostly with muscovite.
2.2.4 PEGMATITES
Quartzo-feldspathic veins of 10 to 30cm width are seen everywhere in 
the basal gneisses, and are especially common in the banded gneisses, 
parallel to, and forming a component of, banding. Others are discordant, 
often having a weak mineralogical alignment parallel to the country 
rock fabric. The orientation of these discordant pegmatites was 
measured, and shows (fig 2-3) a cluster of poles to north easterly 
dipping surfaces. They often display mineralogical and chronological 
differences e.g. in plate 2 -1 the later, isoclinally folded vein 
(indicating at least 60% shortening) contains large, poorly orientated 
plates of biotite, now mostly weathered out. These are absent in 
the banding parallel pegmatites. Microscopic examination proves 
their composition to be granitic, with microcline, quartz and saussur
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itized albite dominating, in that order of representation. Sphene 
and epidote are present in small proportions, together with variable 
amounts of biotite and muscovite. The microcline is often in large 
(>lcm), fractured grains, and both it and the quartz are strain 
shadowed. The felsic minerals are slightly platey, and aligned 
parallel to the foliation best defined by the micas,
2.2.5. DISCUSSION
The outcrop of these rocks froms part of the Jostedal Complex of the 
Western Gneiss Region of Southern Norway, described in more detail in 
Chapter 1. Banham (1968) investigated these gneisses a few kilometers 
to the north, in the Hestbrepiggan area. Here they are of epidote 
amphibolite facies with a regional E-W striking foliation transected by 
randomly orientated pegmatites. Foliated granites within this basement 
have been radiometrically dated at about 1,000 Ma (Priem et al 1973,
Sturt et al 1975). The imposition of a penetrative NE-SW trending 
greenschist facies (Sg) fabric (Chapter 7) and the development of a 
preferred attitude in the pegmatites is a feature of later deformation 
and (retrogressive) metamorphism. Fig. 2-2 suggests that as little as 
100m into basement, from the supracrustal contact, the effects of 
this reworking are diminishing, with the fabric regaining a more E-W 
strike, although still defined by a greenschist facies mineral assem­
blage. The narrowness of this zone of Caledonian structural overprinting 
supports the concept of relatively minor Caledonian influence in the 
Western Basal Gneisses, at least in this southern part of their 
outcrop (in contrast to the views of e.g. Cuthbert et al 1983).
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2.3 PARAUTOCHTHONOUS METASEDIMENTARY ROCKS
2.3.1. INTRODUCTION
The Basai Gneisses are always overlain in the area mapped by a thin
(40-350m) but distinctive cover of metasedimentary rocks mostly
schists and quartzites. The contact is tectonic, a thrust fault,
truncating the gneissose banding of the basement and creating a
narrow zone of interdigitation of meta-sedimentary rock and gneiss.
>
The schists and quartzites themselves are thrust faulted and tightly 
folded (byFg). Proportionately less significant meta-limestones 
form the third lithology that will be described. The sequence of these 
cover rocks northwest of Kjerringhetta (GR 435 305) is shown in fig 2-4
2.3.2 BASAL SGHISTS
Approximately 60% of the rocks identified on map 1 as parautochthonous 
cover are quartz-mica schists. These are dark grey or grey/brown in 
colour, being redder on weathered surfaces. Quartz occurs mostly as 
lenticular aggregates flattened within, and enwrapped by, the mica 
foliation. These can give the rock a pseudo-conglomeratic appearance, 
as shown in plate 2r3, but usually are not this prominent. This plate 
also shows the wide range of aspect ratios in the quartz lenticles, 
sometimes forming parallel stringers which pinch and swell for a 
metre or more. However, generally they are not restricted to any one
horizon nor do they show signs of having originally been a continuous 
layer now boudinageri. These observations suggest a likely origin as
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Plate 2-3. Basai Schist, GR 4334 3096.
Quartz lenticles conferring a pseudoconglomeratic appearajice. View SE,
M
■ ' t. ,
' 3 .'%’. _ ■>
S #
Plate 2-4. Vassenden Conglomerate, GR 3766.
Variation in aspect ratios of slate and quartzite clasts. Note incipient 
fractures in latter, perpendicular to cleavage. View SE.
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quartz segregations derived from the surrounding schists. Minerals other 
than quartz, muscovite and biotite are merely identifiable in hand specim­
en, although the schists are very dark and graphitic. At one locality 
small, dark, prismatic crystals on a foliation surface were tentatively 
identified as garnet.
A much broader range of minerals can be determined under the microscope 
modally defined for three typical examples in table 2-B. Quartz and 
mica still dominate accounting for 85-90% of the mineral total. There 
is a little calcite in all specimens, and quite fresh looking albite 
is identifiable in two of the three. No garnet was seen. The quartz 
within the lenticles is recrytallized with a grain size mostly varying 
from 0.2-0.5mm, although it can reach 2mm. Undulose extinction is 
common, and the large grains are often fractured. They show a weak 
to moderate shape fabric with embayed or cuspate margins (descriptive 
terminology of grain boundaries follows Spry 1969). Envelopes of 
biotite and muscovite (laths(lmm), strongly aligned to form the 
penetrative Scleavage, separate the quartz domains. 82 is often accentu­
ated by trails of fine opaque dust. The quartz feldspar/calcite 
and mica/magnetite/epidote domains mostly remian distinct.
2.3.3 PSAMMATIC ROCKS
Outcropping within the schists above are planar or lenticular horizons 
up to 150m thick consisting largely of psammitic rock. Some of these 
are fault bounded (plate 4-21) but others show a (relict sedimentary?) 
interdigitation with the schists. The majority are quartzites, typically 
with a distinctive blue/grey colour and massive aspect. These are
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called the Basal Quartzites. Thin schist horizons, or planes of parting 
parallel to these, define internal units of 50 cm to about 8m thick­
ness, within which are a small proportion of diffuse dark grey bands 
5-lOmm thick. Their fine, crystalline, unfoliated appearance can 
make difficult to define in hand specimen, but it tends to form 
fracture surfaces when the rock is broken, revealing a weak mineralogical 
alighment upon it (L^). Less typically the quartzites are banded, 
pale grey and flaggy, the 5-lOcm thick flags separated by cleavage 
surfaces shimmering with muscovite.
Seen with the Basal Quartzite through the parautochthonous sequence 
are grey feldspathic psammites. They are of subordinate proportion, 
only reaching rough equivalence with the quartzites in the lowest 
tectonic unit, abutting against basement. They do not show the blue 
colour of the quartzites and occur in thinner units, 50cm to 2m.
Modal analyses of four Basal Quartzites are given in table 2-B. They 
show the mineralogy to be simple, mostly quartz, muscovite and mag­
netite. The quartz is very fine grained, between 0.1 and 0.2mm. In 
contrast to that in the lenticular schists it shows little sign of 
internal strain, forming a roughly equigranular mosaic with a very 
weak shape fabric. Grain margins are curved to embayed. Muscovite 
laths, < 0 .5mm, are dispersed through this matrix and strongly aligned 
defining . Parallel to this the only regular mineral alteration 
are trails of small magnetite blebs. Garnet (fig 7-3) and schorlite 
occur in small quantities (< 1%) in two of the specimens. The muscovite 
content of the feldspathic psammite is slightly higher than that of the 
quartzite and is more strongly constrained into S^ parallel foliae.
It contains a few per cent of alkali and plagioclase feldspar (table
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2-B) of the same grain size as the quartz, 0.3 to 0.5 cm. Parallel 
to are lenticular zones of coarser grain size.
2.3.4 CALCAREOUS ROCKS
Occasionally occurring with the psammites are 50cm to 2m thick layers 
of meta-limes tone. Mostly rare, these are numerous enough at one 
horizon to be mapped as a separate, calcareous unit - see map. This 
wedges out along strike in both directions, but whether this is a 
tectonic or sedimentary feature cannot be deduced. Table 2-B gives 
the modal mineralogy of a single specimen. Typically for the parau- 
tochthon it is simple with muscovite and quartz in equal proportion 
forming the 30% non-calcareous proportion. A fine banding reflects 
variation in this. Staining with alizerine red-S shows the calcite 
to be partially dolomitized. No feldspar was identified. The calcite 
in particular shows a good shape fabric, parallelto aligned muscovite 
laths. Individual calcite grains are 0.5 - 1 cm long, larger than the 
mica or quartz, and with straight or curved boundaries. The 0.4mm 
quartz crystals show a weak elongation.
2.3.5 DISCUSSION
The sequence described here forms part of a narrow but regional cover 
to the basement along the northwestern Jotun Nappe margin having a 
characteristic quartzite/mica schist association - Rekstad (1905,1914), 
Landmark (1949), Skjerlie (1957), Banham (1968), Lacour (1969) and 
Roberts (1977).
Although in the Sygnefjell area the contact with basement is a
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thrust fault, the local presence of a basal conglomerate (Rekstad 
1914, Banham et al 1979) demonstrates that it is a tectonically 
modified unconformity and the unconformity would have been discordant 
to the banding of the underlying gneisses. The basal conglomerate 
was examined about GR 421 389 (positioned from Banham and Gibbs 1979) 
and comprised quartzo-feldspathic clasts, of an unstrained diameter 
up to 5 cm (see Chapter 6), in a quartz matrix interbedded with 
blue/grey quartzites. Banham and Gibbs (1979) indicate that the con­
glomerate is overlain by graphitic schists.
No fossils have been found and no radiometric dating has been carried 
out within the parautochthonous cover. Lithologically comparable 
autochthonous and parautochthonous sequences from the foreland to 
the southeast of Jotunheim have been palaeontologically dated as 
Cambro-Ordovician in age (Strand and Kulling 1972), and a similar 
age is therefore inferred for the Sygnefjell parautochthon. This 
conclusion was also reached by Roberts (1977) for these rocks and 
others along strike.
2.4 ALLOCHTHONOUS SUPRACRUSTAL ROCKS
2.4.1, INTRODUCTION
A zone of intense thrust faulting separates the parautochthonous 
rocks of section 2 .3 from an overlying series of autochthonous 
nappes. The lower members of the allochthon are interpreted as being 
of a mostly suprcrustal origin and four major units (each with further 
internal subdivisions) can be defined -
2.4.2. The Vassenden Conglomerate
2.4.3. The Bovertun Meta-limes tones
2.4.4 The Sygnefjell Meta-arkose
2.4.5 The Sygnefjell Greenstones
2.4.6. Discussion
2.4.2 THE VASSENDEN GONGLOMERATE
170m of quartzite conglomerate and interbedded, fine, calcareous rocks 
are exposed at Vassenden (GR 540 378). Here they dip southwards, 
underlying a sequence of impure meta-limestones, the Bovertun Meta­
limestones (see on). Westward the conglomerate outcrop thickens, then 
closes about an overturned northeast plunging synform. Both bedding 
and the fold axis are truncated by the lower banding of the conglomerate 
with a graphitic schist, identifying this as a fault.
The Vassenden Conglomerate will be described under four headings (a) 
Conglomerates (b) Calcareous psammites (c) Meta-limestones (d) 
Interpretation.
(a) CONGLOMERATE Quartzite conglomerate accounts for perhaps 75% 
of the thickness of the Vassenden Conglomerate. The cobbles are 
flattened into ellipsoidal cakes with their shortest axes statistically 
perpendicular to a penetrative cleavage (Sg) developed in the semi- 
pelities or psammitic matrix. The larges axes of the cobbles range 
to over 30cm in length, but more typically are 5-15cm. The great
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majority are of a white/grey, occasionally banded, quartzite. Only 
rarely are more flattened clasts of dark slate such as those shown 
in plate 2-4 present. The cobbles are most often in contact, or 
separated by a thin screen of matrix (plates 2-4 and 2-5). To what 
extent this owes to post-deposition flattening cannot be deduced, but 
it is likely that the low matrix content is a sedimentary feature.
At the point of abutment one clast may penetrate the other by pressure 
solution, or both may show fractures propagating from the contact, 
as in plate 2-4. Despite such interference the clast outlines are 
usually smooth, indicative of a rounded pre-deformation shape.
Plate 2-6 shows grading through a conglomerate bed. Where seen this 
indicates younging towards the Bovertun Meta-limestones. Usually no 
gross fining such as this can be identified in the conglomeratic units 
but they quite commonly show 10-15 cm of marginal gradation with 
adjacent units of calcareous psammite. Their opposite junction with 
these interbeds is invariably sharp. Seen together, as in plate 2-7, 
this provides reliable evidence of younging and again is towards the 
Bovertun Meta-limestones.
The modal mineralogy of two conglomerate cobbles is given in table 
2-C. Quartz (90%) forms a weakly strain shadowed matrix to feldspar 
mica and calcite of comparable grain size (0.2 to 0.6 mm). These 
cluster into diffuse bands parallel to mica alignment. Quartz, showing 
embayed or cuspate grain boundaries, has a very weak coplanar shape 
fabric.
The matrix to the conglomerate clasts is semi-pelitic or psammitic.
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Plate 2-3. Vassenden Conglomerate, GR 3^07 3788. 
Isoclinally folded quartzite clast. View R.
Plate 2-6. Vassenden Conglomerate, GR 3^16 3792.
Upward grading in a conglomeratic horizon. Note sharp base (bottom left) 
View E.
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mm
Plate 2-7. Vassenden Conglomerate, GR 3 ^ 5  3?8l.
Calcareous psammite horizon, showing graded base and sharp top. Sg 
shallower than bedding. View E.
Plate 2-8. Vassenden Conglomerate, GR 3412 3737*
Grit at stratigraphie top of conglomerate, showing angular, matrix 
supported clasts. View S.
When the latter, as in plate 2-4 or the angular pebble conglomerate 
(table 2-C), its appearance and mineralogy are similar to the interbeds 
of calcareous psammite - see on. The matrix can be darker and more 
foliated; difficult to sample from the interstices between the clasts 
the specimen NCT 1 (table 2-C) was taken from a thin horizon of similar 
semi-pelite within the conglomerate (photomicrograph plate 7-7).
Although higher in micas its textures and mineralogical range are 
comparable with the calcareous psammites described in the next section.
(b) CALCAREOUS PSAMMITES Laterally continuous bands of psammites and 
grits, 15 cm to Im thick are distributed at intervals of 2-lOm through 
the Vassenden Conglomerate. They increase in proportion towards the 
stratigraphie top of the unit. The similarity of these rocks with 
psammitic members of the overlying Bovertun Meta-limestones makes the 
junction difficult to define. It does appear broadly conformable, and 
the increasingly sandy nature of the Vassenden Conglomerate may represent 
a sedimentary lithological convergence towards the boundary. Exposed 
in this upper sequence at Vassenden is a 3-4m thick horizon of pebbly 
conglomerate. Small ( <4cm) angular clasts of quartzite are supported 
in a quartzose, gritty matrix - see plate 2-8 ,
Cleavage is oblique to the psammite/conglomerate bedding. Within the 
psammitic units grain size varies from 1mm to 3mm and changes in 
coarseness produce a rare internal bedding - plate 2-9. Quartzite 
clasts considerably, larger than this, of a size similar to those in 
the conglomerate are occasionally seen dispersed at a particular 
horizon within a psammite band, such as those coincident with the 
grain size change in plate 2-9. Grading is not distinguishable by eye,
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but Its presence may be inferred locally from the refraction of late 
(S^) crenulation cleavage. Unfortunately this refraction may well be 
a tectonic effect (of vertical flattening- see chapter 5) for
is often sigmoidal, as in plate 2-9, giving two directionsof apparent 
younging. Plate 2-10 shows the psammites conferred with a pseudoconglom- 
eratic appearance by the presence of numerous boudinaged quartz veins. 
These features caused Cowan (1966) to doubt the clastic origin of much 
of the Vassenden "phacoidal conglomerate"; they appear, however, to 
be a localized phenomenon.
Table 2-C gives the modal mineralogy of a typical psammite specimen. 
Porphyroclastic, often fractured phases (1-3 mm long) are microperthite, 
microcline, cloudy K-feldspar and albite, sometimes with graphic 
intergrowths of quartz. They lie in a recrystallized 0.1 to 0.5mm 
matrix of quartz, calcite and smaller feldspars, with embayed grain 
boundaries. The quartz is strain shadowed, but the matrix shows little 
shape fabric. Somewhat larger quartz and calcite grains lie in 
polycrystalline, feldspar free lenses which may be relict clasts and 
are flattened within a cleavage defined by mica alignment. These 
micas occur in narrow foliae or more diffuse bands, and locally as 
envelopes about feldspar porphyroclasts.
(c) META LIMESTONES. Infrequent lenticular bodies of limestone,
50cm thick and laterally persistent for l-5m, occur in the conglomerate 
such as that of plate 2-11. They weather to a pale brown colour, but 
on fresh surfaces are medium grey, fine and crystalline, with a 
slight banding. Typcially the lenses become boudinaged, the perpendic­
ular tension fractures infilling with quartz. Nonetheless, their 
gross lenticular form is believed to be a sedimentary feature, because
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Plate 2-9. Vaasenden Conglomerate, GR j401 378?.
Calcareous psammite unit, internally bedded with sigmoidal . View E.
m m
Plate 2-10. Vassenden Conglomerate, GR 5 ^ ^  3805.
Pseudoconglomeratic appearance of schistose psammite with boudinaged 
quartz veins. View N.
(i) they cen never be traced laterally into another large pod at the 
san,e stratigraphie horizon, which could have been the next member of a 
boudin train, and (ii) distal attenuation is gradual, in contrast to the 
sharp terminations of the undoubted internal boudins (plate 2-1 1).
Table 2-C gives a representative modal mineralogy. The constituents 
are similar to the beds of psammite and schist, but in different propor­
tion, calcite being predominant. In thin section this is seen as a 
moderately fine (0.2 - 0.4mm) groundmass, with a weak shape fabric 
parallel to zones with more mica (forming a coplanar cleavage)quartz 
and feldspar. The quartz and feldspar are of a similar grain size to 
the calcite, and in equant crystals.
(id) INTERPRETATION Structural evidence presented in Chapter 6 suggests 
that prior to deformation the cobbles of the Vassenden Conglomerate were 
oblate ellipsoids, their volume equivalent to spheres of 6-lOcm 
diameter, lying with shorter axes approximately perpendicular to 
bedding. This flat lying attitude, and large size, suggests they 
formed by drop out from a powerful transporting current into a relatively 
quiet aqueous regime - strong bottom currents would imbricate the 
inequant pebbles upon deposition. This hypothesis is substantiated 
by the lateral persistence of planar bedding in the conglomerate, 
with neither channelling nor cross bedding in the psammitic units.
All these features suggest little sediment movement following deposition. 
Deposition may have been out of successive debris flows, to
produce the coarse graded units, from a source area supplying rounded 
quartzite cobbles, perhaps beach or alluvial deposits. No source 
rocks have been identified in the Sygnefjell areas for the slate and 
quartzite clasts of the Vassenden Conglomerate- the quarzites previously
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described from the Cambro-Ordovician parautochthon are blue in colour 
and contain no feldspar, in contrast to those of the conglomerate.
The "background" sediment input, forming the conglomeratic matrix and 
interbanded calcareous psammites is arkosic. If these rocks are of 
a late Precambrian age (see section 2.4.6) the origin of calcite in the 
psammitic fraction and in limestone lenses must be from shallow water 
precipitation or within the tests of calcareous algae. These algae 
are photosynthetic and thus either possibility effectively constrains 
the production of the calcite to within the photic zone (<200 m). It 
may then have been transported, but the high calcite content and sharp 
margins of the limestone lenses suggest not,for mixing with , and grading 
into,the surrounding clastic sediment would be expected.
2.4.3 THE BOVERTUN META-LIMESTONES
Folded about a synformal core of Vassenden Conglomerate in the north­
east of the area mapped is a variable sequence composed mostly of meta­
limestones which is up to 450m thick on the southeasterly limb. These 
lie largely within the outcrop of the Sygnefjell Meta-arkose, bounded 
at their base by a thrust fault. It could not be determined if their 
upper junction with the arkose was also faulted. Certainly it becomes 
attenuated to the southwest by thrust bounded units of arkose, which 
overlap it completely to the east of Storevatnet (GR 46033178). These 
rocks are correlated to the south and southwest of Storevatnet with 
occasionally calcareous quartz-mica schists at a similar tectonic level; 
these too are faulted out westwards, at the lake 1352 (GR 4220 2685).
A second, thinner, horizon of meta-limestones outcrop on the south side 
of Dummdalen, where deep caves have been eroded into it.
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The broad range of lithologies exposed can be rationalized into three 
groups - (a) Calcareous schists (b) Calcareous psammites and (c)
Marbles. All gradations can be recognized between these.
(a) CALCAREOUS SCHISTS. This group forms the majortity of the Bovertun 
Meta-limestone outcrop and comprises calcareous schists and semi-pelites. 
The main lithology is a dark grey schist, enclosing numerous veins 
and lenticles, and with a variable matrix quartz/calcite content (plate 
2-12). The veins comprise one or both of quartz and yellowish calcite 
(proved by staining with alizerine red - S). Where composite they 
show sometimes euhedral calcite crystals 0.5 - 4 cm across lying enclosed 
by a groundmass of quartz. The veins vary from a few mm. to more 
than ten cm. width and are mostly concordant to the schistosity
of the micas. Although traceable in some cases for several metres 
they are discontinuous and define the very contorted folding of 
typically undergone by the calcareous schists.
Lithologies with a more quartzose and calcareous matrix have less 
numerous veins than the schists and are gradational to the calcareous 
psammites (see next section). An increase in calcite content in these 
more massive rocks gives horizons with a pale brown colour on fresh 
surfaces, and can lead to the production of a careous weathered appearance 
Low strain in the Vassenden area (GR 5424 3749) preserves such bands 
at an oblique angle to the penetrative cleavage, proving them to
represent bedding, elsewhere rotated into parallelism with
To the south-west of Storevatnet the quartzitic schists correlated with 
the calcareous rocks described above contain concordant quartz veins.
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Plate 2-11. Vassenden Conglomerate, GR 539^ 3785. 
Boudinaged lense of meta-limestone. View NE.
Plate 2-12. Bovertun Meta-limestones, GR 5^32 37^1. 
Calcareous schist with more quartzose hands. Note veins and 
contorted folding. View W.
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Only occasionally, e.g. at GR 4427 2917, does calcite occur within 
the veins. Modal analyses (table 2-D) show the southwestern quartzitic 
schists similarly to have little matrix calcite. This differs from the 
calcareous schists which have a moderate to high calcite content, but 
is comparable to some of the foliated psammites (e.g. NCT 9) from 
the more typical Bovertun/Vassenden sequence.
Under the microscope the calcareous schists comprise fine (0.1-0.5 mm) 
platey mica (muscovite with biotite and chlorite) and quartz, with a • 
changeable proportion of larger (0.5 - 1 mm) calcite grains. Weakly 
saussuritized albite crystals of a similar size are scattered through 
the matrix. A poor shape fabric in the calcite and quartz parallels 
the mica foliation and thin bands of opaque dust. This refracts around 
the quartz/calcite veins, in which the large crystals are often strained, 
showing undulose extinction in the quartz and curved twin planes in 
the calcite.
(b) CALCAREOUS PSAMMITES. As the quartz and calcite content of the 
meta-limestones increases so they become lighter in colour and less 
well foliated. Although gradational to the schists the psammitic rocks 
are mostly distinct in appearance. Where well exposed on road cuts 
towards Vassenden it can be seen that the proportion of psammite 
increases upwards through the meta-limestones, forming units up to 
60m thick. They appear as light grey, crystalline, sometimes banded 
massive rocks weakly reactive with 10% HCl. The grain size is generally 
0.5cm. Veining is less common, and neither it nor display the
contortions seen in the schists. Grit bands of 2 - 3m thickness occur
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in this upper part of the sequence, containing quartzose pebbles
1-3 cm long flattened within a poor penetrative cleavage.
Modally, table 2-D, the psammites have higher quartz and feldspar and 
mostly lower micas than the schists, but the difference is not as marked 
as their field appearance would indicate. This is probably due to 
sampling bias of the schists in favour of less friable and weathered 
(i.e. less micaceous) samples. Calcite is again highly variable, 
decreasing as the quartz content increases.
Porphyroclasts, up to 5 mm long, of polycrystalline quartz (NCT 5) and 
large microperthitic microcline grains (NCT 8), were identified 
optically. Rather smaller (0.5-2mm) albite is present in all sections 
analysed, and these may also be relict sedimentary clasts.
Matrix grain size is 0.1-0.4 mm, consisting mostly of calcite with 
quartz feldspar and micas. The latter when disseminated define 
only weakly, but occasional micaceous foliae can form a pervasive 
schistosity. This refracts around the porphyroclasts. As in the 
schists opaque phases occur both as a fine dust in parallel trails, 
and as larger crystals, sometimes cubic, which are probably the pyrite 
identifiable in hand specimen.
(c) MARBLES. Occuring as a few rather thin ( <50m) units within the 
calcareous schists, and forming a separate, somewhat thicker (80m) 
unit in Dummdalen, are sometimes careous, pale weathering marbles, 
often with a cover of green lichen. On fresh surfaces they are a light 
cream/grey/brown colour, diffusely banded from 1-5 cm, and have a 
saccharoidal crystalline appearance. They form a positive feature in 
the schists but in Dummdalen, within the Sygnefjell Meta-arkoses, are
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located in the valley side and botton and contain deep pot holes.
The modal mineralogy, given in table 2-D, of the two localities is similar, 
essentially 75-90% calcite, with quartz and muscovite. The calcite 
(identified by alizerine red-S) grain size is consistent, about 0.5mm, 
and it shows a sub-polygonal texture with weak shape fabric parallel to 
the alignment of disseminated micas. This is not shared by the quartz 
which forms equant, rounded, also disseminated grains 0.05-0.3mm. Occ­
asional larger (2-5mm) pofycrystalline porphyroclasts of quartz are 
slightly flattened in S^ . It is differences in the quartz/mica content, 
and opaque minerals where present, that produce the fine banding noted 
in hand specimen.
(d) INTERPRETATION, - The Bovertun Meta-limestones show a gradational, 
apparently sedimentary contact with the Vassenden Conglomerate, 
which youngs towards them, the limestones therefore being the stratigraph- 
ically higher unit. There are points of lithological comparison between 
the two groups, in particular the feldspathic calcareous psammites 
found in both, but much of the Bovertun Meta-limestone sequence must 
originally have been rather dark lime-muds. The presence of oncoliths 
has been reported (D. Twist, pers. comm.1979) and quiet, near shore 
marine (or brackish) waters with slow sedimentation can be inferred 
from these (Flugel 1977). As with the Vassenden Conglomerate the deposition 
of calcareous material in a (putative) Precambrian environment must 
take place within the photic zone.
During deformation calcite in particular has gone into solution to be
redeposited as veins, mostly parallel to cleavage. That the thin 
horizons of quartz mica schist west of Starevatret, correlated with 
thick calcareous sequences to the east, contain very little calcite 
may be partly a result of their having undergone more intense deformation.
2.4.4 THE SYGNEFJELL META-ARKOSE
A succession of fault bounded slabs, some greater than a kilometre thick, 
of meta-arkosic psammites outcrop on Sygnefjell. The structurally lowest 
of these lies above, and is tectonically imbricated within, the 
parautochthonous meta-sedimentary rocks previously described. At 
their highest levels they underlie the Sygnefjell Greenstones. In 
view of their areal extent the meta-arkoses are remarkably consistent 
in mineralogy and appearance. They will thus be described together 
although a unit of dark meta-arkose (the Krossho Formation) is separated on 
map 1. This is characterized by a basal unit with interleaved pelitic 
mica schists and greenstones. Pelites also occur in the more typical 
light meta-arkose (the Kjerringhetta Formation). These rock types 
(meta-arkose, pelites and greenstones) wi11 be separately described.
(a) META ARKOSE. Where these outcrop they produce well exposed ground with 
a scarp-slope topography. Characteristically exposures are covered by pale 
green lichen. The usual lithology is a massive, light grey, medium 
grained quartz-feldspathic psammite. Rather diffuse, fine (< 2cm) 
but laterally persistent mica-rich laminae are paralleled by an alignment 
of platey minerals. This can impart a flagginess, and the flag surfaces 
exhibit a mineral lineation, well shown in plate 4-7. The broadest outcrop
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of these typcial rocks underlies the hill Kjerringhetta (GR 435 305) and 
from this they are named the Kjerringhetta Formation. This is the 
structurally lowest part of the Sygnefjell Meta-arkose, overlying units 
of which contain similar rocks, albeit with more numerous interbands 
of schistose meta-arkose and schist (plate 5-3). These units are 
included within the Kjerringhetta Formation (see map 1). However, 
the highest thrust slice, outcropping north of the hill Krossho, is 
separated into the Krossho Formation. Although this formation is still 
largely arkosic the constituent psammites are dark and foliated, and 
within its lower part are subordinate in proportion to horizons of schist.
Intrafolial folds are commonly seen in the Sygnefjell Meta-arkose, 
plate 8 -8 showing the sometimes highly flattened nature of the compositional 
banding. Nonetheless it may be a relic of an original sedimentary 
alternation now flattened into the plane of cleavage. The only places 
where bedding can be proven are the few localities where the meta-arkoses 
become interleaved with pebbly grits. These beds, shown in plate 2-13 
are up to 3 cm long (see chapter 6). As with the fine lamination in 
the surrounding arkose they cannot be distinguished in attitude from 
penetrative cleavage. No other sedimentary structures could be identified, 
possibly having been overprinted during the imposition of the cleavage.
Modal analyses have been carried out on a number of these rocks - see 
table 2-E. These arkoses are plotted on a ternary classification diagram 
for unmetamorphosed sandstones (Pettijohn 1957) in fig 2 6 for comparative 
purposes. Upon it the Kjerringhetta Formation and -interbanded pebbly grits 
lie in the arkose or sub-arkose field, and the Krosshb Formation and 
schistose meta-arkose lie in the sub-greywacke field. The dichotomy
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Plate 2-13. Sygnefjell Meta-arkose .Kjerringhetta Formation, GR 4-392 3077 • 
Feldspathic clasts in grit bands. View NW.
Plate 2-l4. Sygnefjell Greenstones, GR 4415 272?.
Coarse, discordant pegmatite with S^c alignment of mica. View SE,
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of groupings is not believed to be a metamorphic or tectonic effect.
It is reasonable to suppose that the Krossho Formation and micaceous 
units within the Kjerringhetta Formation, originated as less quartzo- 
feldspathic sediments.
Microscopically the quartz in the Sygnefjell Meta-arkose mostly occurs 
as a recrystallized, sometimes polygonized, groundmass mineral; plates 
8“15 to 8-17. It has a small grain size, 0-05 - 0.4 mm, tending to be 
finest in the Krossho Formation (plate 8-19). Within an individual 
specimen the grain size varies between bands or lenticles parallel 
to a foliation in the micaceous fraction. A weak quartz shape fabric 
may also lie in this plane. Larger quartz crystals occur with other 
mineral phases in polycrystalline pods up to 3mm long, the cleavage 
refracting around these. They may be relict clasts.
Feldspar occurs both as a matrix constituent of comparable size to
quartz and as larger porphyroclasts. As is the case with most modern
arkoses the amount of alkali feldspar is generally several times that o^
plagioclase (Pettijohn et al 1972). Porphyroclasts phases are K-feldspar
( o r t h o c l a s e )  microcline, raicroperthite (counted with microcline in table 2-E)
and albite, often saussuritized - see plates 8-16 and 8-18. With in the microper tb i t e s
plagioclase occurs as patches or ribbons always in smaller fraction than
the host, and broadly in parallel orientation. S_e cleavage refracts
around these porphyroclasts which may be up to 5 mm long in the grits
They show features of internal deformation, and are often fractured
(chapter 8 ). The Meta-arkoses are at the greenschist facies of
metamorphism (chapter 7) within which microperthite, orthoclase and
what is believed to have originally been rather calcic plagioclase
(now saussuritized) are not stable phases (Miyashiro 1973, Winkler 1979),
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These minerals must be detrital in origin. Microcline and fresh
at least partly, porphyroblastic, forming coeval with the 
and progressive metamorphism- see chapter 7. The mica is usually 
muscovite, although biotite and chlorite are locally prominent. They 
form narrow foliae, particularly in the schistose meta-arkoses, but 
become more disseminated where mica content is lower. Micaceous 
envelopes are common around the disequilibrium feldspar phases. The 
cleavage is defined by their alignment, parallel to the grain size 
banding in the matrix quartz, and in some specimens, lines of opaque 
minerals or feldspars.
Sphene and epidote are both commonly present in small quantity, the latter 
particularly in the Krossho Formation (plates 7-6 and 7-10) where its 
proportion reaches 22% in specimen NCT 62 (table 2-E). This specimen 
also has a high plagioclase content, so it seems unlikely that the 
epidote is derived from the metamorphic alteration of plagioclase.
(b) MICA SCHISTS. Occasional thin ( < 30cm) bands of dark brown/grey 
weathering muscovite schist occur throughout the Kjerringhetta Formation, 
but only rarely from a noteable proportion of the section. Where they 
do so a meta-arkose with schist unit is separated on map 1 and within 
these the schistose units reach a metre or more in thickness. They are 
common in the basal 100m of the Krossho Formation.
The modal mineralogy of a single schist sample was determined. Table 
2 - E  shows the range of minerals to be similar to the meta-arkose but
in different proportion. Muscovite laths 0.3 to 1 mm long predominate, 
strongly aligned, defining , within which recrystallized lenticles
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of relatively fine (0,2 to 0,5 mm) quartz and occasional feldspar 
occur.
(c) GREENSTONES AND GREENSCHISTS. The basal 100m of the Krossho 
Formation is characterized by the interleaving of mica schists (described 
above), psammites and units of greenstone (and greenschist) up to 
several metres in thickness. The latter are seen nowhere else in the 
meta-arkosic sequence. They are fine, dark, grey-green rocks, sometimes 
schistose, and often with narrow (<C10 cm) quartzo-feldspathic bands.
Representative modal mineralogies are given in table 2-E and are 
distinctive. The quartzo-feldspathic proportion is low, while epidote 
and green biotite (giving the rock its colour) comprise 40-50% of the 
rock. Sphere and apatite are also more common than in the arkoses.
The grain size is very fine, mostly <0.1 mm, bottle green, biotite 
laths occurring as the largest grains, up to 0.4 mm long. These are 
evenly distributed and with a poor alignment. Parallel to this are 
lines of variably sized, but mostly small, epidotes (0.01 to 0.4 mm) 
and amorphous sphene. Quartz forms a groundmass to the mafic minerals 
and is finer than in the arkoses, in crystals 0.01 to 0.05 mm across, 
with no shape fabric. Anhedral blebs of hornblende of equivalent 
grain size and similar body colour to the biotite occur. Basal sections 
are more easily identified enclosing needle like inclusions (of 
rutile or tourmaline) bisecting the cleavages.
(d) INTERPRETATION. Few indicators of depositional environment can be 
found in these homogeneous rocks. Occasional relict pebble beds apart.
6]
no original sedimentary features were observed, but this m^merely be a,reflection 
of the high strain stae, The mineralogical immaturity of the sediments suggests 
that they have undergone limited transport, but perhaps to water depths outside 
the photic zone (i.e.]> 200m) for no limestones develop in the sequence. The 
thickness and homogeneity of the Kjerringhetta Formation in particular 
implies a stable environment. The crystal fragments forming porphyroclastic 
phases in the Sygnefjell Meta-arkose are generally compatible with a 
derivation either from local basal gneisses, or from the rocks of the 
Jotun Nappe. The only exception to this is ribbon microperthite (plate 
8-18), seen in the intermediate and acid units of the Jotun massif 
(see on), but not identified in the basement.
The greenstones at the base of the Krossho Formation are similar in 
appearance and modal mineralogy to the Sygnefjell Greenstones (table 
2-F), which have been postulted to be metamorphosed basalts (section
2.4.5 and chapter 3). An extrusive origin is also tentatively proposed 
for the Krossho Formation greenstones, with the subordinate basal 
greenschists possibly volcaniclastic. This volcaniclastic sediment 
input may explain the higher epidote content and overall darker colour 
of the Krossho Formation, when compared to the Kjerringhetta Formation. 
Otherwise, the two formation are broadly similar and it may be that these 
now tectonically conjoined units were once lateral equivqlents.
2.4.5 THE SYGNEFJELL GREENSTONES
Several fault bounded horizons of greenstone, occurring mostly towards 
the top of the supracrustal sequence (overlying the Sygnefjell meta-arkose) 
were defined during mapping. The thickest (480m) and structurally
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highest shows an increasing proportion of psammite and schist upwards, 
and these meta-sedimentary rocks will be described separately. Geochemical 
analysis of the greenstones of this unit (the Upper Sygnefjell 
Greenstones) and an underlying one (the Lower Sygnefjell Greenstones) 
are presented and discussed in Chapter 3. Only minor geochemical 
differences were detected and optically they cannot be distinguished 
This homogeneous nature allows the greenstones to be described together.
Within the Lower Sygnefjell Greenstones around Dyrhaugan are large pips 
of orthogneiss with a possibly igneous contact preserved. These 
gneisses contain minor intrusions, forming the fourth lithological 
group to be described in this section - (a) The Sygenfjell Greenstones
(b) Metasedimentary rocks (c) D Y R H A U G A L  GNEISSES (d) Minor intrusions. 
Their relationships will be later discussed.
(a) SYGNEFJELL GREENSTONES - These are massive, fine, dark green rocks.
As a consequence of their small grain size the mineralogical components 
are not usually identifiable in hand specimen and the penetrative 
cleavage develops only poorly. A diffuse, broad (scale of tens of 
centimetres) banding between more and less mafic layers is irregularly 
developed. Other internal compositional variation is rare, although 
more schistose horizons, up to a metre thick, are seen throughout the 
greenstone sequence. These are occasionally very green and soft, with 
a resinous appearance, due to the presence of talc (i.e. GR 44372655).
Also seen at a few localities (e.g. GR 44232691) are narrow (about 50cm) 
zones of greenstone containing numerous centimetre long white quartz 
lenticles.
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The structurally lowest horizon of greenstone is a 50cm thick fault 
bounded slice lying within the outcrop of the Sygnefjell Meta-arkoses 
to the southwest of the lake Storevatnet (GR 4423 2995). In contrast 
to the other greenstones, which overlie the Sygnefjell Meta-arkoses, 
these have a speckled appearance with small (< 2mm) blebs of quartzo 
feldspathic material identifiable within a dark matrix.
The modal mineralogy of four greenstone samples is shown in table
2-F. The fine grain size and high biotite content preclude the use of 
sodium cobaltinitrite as a stain for alkali feldspar. Quartz and rare 
feldspar 0 . 0 2 - 2 mm across, are disseminated through a somewhat finer 
matrix of elongate epidote grains and small, green biotite laths.
Quartz has a shape fabric parallel to the poorly aligned mafic minerals 
Chlorite is present as an alteration product of biotite. Hornblende
yellow green p olive green# bottle green) occurs in corroded anhedral 
blebs (fig 7-4). It can be porphyroclastic, up to 0.5 mm across. 
Ilmenite is the most abundant opaque, identified by its skeletal shape 
and leucoxene rims. Sphene is ubiquitous, both with ilmenite and as 
shapeless grains about 0.5mm long.
The "talc schists" sampled at G.R. 44372655, consists of strongly 
foliated 0 . 2  - 1 mm laths of actinolite, with some alteration to talc. 
Epidotes are small (0.1mm), equant and disseminated.
(b) METASEDIMENTARY ROCKS Northeast of the massive greenstones exposed 
on the Storevatnet road the thrust fault defining the top of the
Upper Sygnefjell Greensontes cuts upsection to reveal higher levels in 
the sequence, best seen around the summit of Krossho (GR 4724 2833)
- see map 1. The massive greenstones described in the previous 
section decrease in proportion upwards, grading into 200m thickness 
of interbanded meta-arkoses and greenshists. This gross lithological 
alteration is on the scale of 20 cm to 2 m, although the schists are 
often finely lenticular or banded internally, showing all gradations 
with the psammites. Meta-arkose is increasingly dominant towards the 
top of the sequence, forming pale weathering ridges parallel to strike,
The modal (table 2-F) mineralogy and textures of these rocks are 
similar to those of the meta-arkoses and greenschists of the Krossho 
Formation described in section 2.4.3. For comparison psammites 
from the Sygnefjell Greenstones are plotted in fig. 2-6.
(c) DYRHAUGAN GNEISSES. Lensoid bodies 100-400m long and 50m thick, 
of plutonic orthogneiss outcrop within and below the Lower Sygnefjell 
Greenstones - see fig 3-l(b). The rock is leucocratic with diffuse 
green patches of mafic minerals 0 .5 -2 cm across in a greater fraction 
of cream coloured feldspathic matrix, also slightly green. This 
texture reflects the replacement of the original igneous mineralogy. 
Where least deformed the mafic knots are slightly augen shaped, and 
variation in their size and proportion allows compositional changes to 
be identified. These have sharp margins (plate 8-6) and may reflect 
originally intrusive relationships. Pseudomorphs of feldspar laths 
occur as relict phenocrysts, as much as 3 cm long, in the most mafic 
rocks. Zones of higher deformation produce a penetrative fabric and 
broad banding. The contact between a body of gneiss and the Lower
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Sygnefjell Greenstones is exposed in a road cutting at GR 44142728.
Shown in plate 4-23 it is a knife-sharp contact with neither rock showing 
intrusive contact effects, or evidence of tectonic juxtaposition.
Viewed microscopically it is seen that the original mineralogy 
of the gneiss has been lost. The predominant feldspar is plagioclase 
forming about 50% of the rock in grains up to 5 ram long, but almost 
wholly reduced to a saussurite mat, with fine (< 0 .01mm) epidote, 
sericite and calcite recognizable. This imparts the green colour on 
the felsic portion seen in hand specimen. Because of this intense 
alteration modal analysis was not attempted. Where determinable the 
plagiocalse appears to be albite, although relict higher anorthite 
contents (An 20-40) occur. K feldpsar is cloudy and untwinned, as 
is microcline, the latter locally perthitic and often fractured. Alkali 
feldspar is of similar grian size to the plagioclase, and with lenses 
of recrystallized quartz (5%) forms 20-30% of the mode. The mafic 
component is large knots of chlorite and green biotite with sphene, 
ilmenite, epidote and calcite. From the approximate proportions 
of felsic constituents a monzogabbroic (or monzodioritic) parent rock 
is suggested.
(d) MINOR INTRUSIONS Basic dykes and pegmatitic veins cross cut the 
Dyrhaugan Gneisses. Pegmatites also occur within the greenstones. Both 
are usually coplanar to the S^ foliation, but where deformation is 
low a discordant relationship may be preserved.
The pegmatites are 10-15 cm thick. the modal mineralogy of a typcial
67
Plate 2-15 .Dyrhaugan Gneiss, GR 4481 2781.
Basic dykes transecting S2Cand with intrusive apophyses into surrounding 
orthogneiss. View N.
Plate 2-l6. Basic Gneiss Complex, GR 4470 2603.
Typical banded gneiss with massive gabbroic layer, top right. View E.
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specimen is given in table 2-F. As in the meta-plutonic country rocks 
plagioclase is largely pseudomorphed by a mat of epidote and sericite. 
This saussurite association is recorded as plagiocalse in table 2-F.
The blebs are up to 3 mm long. The larger (up to 5mm) microcline is
strongly fractured, with fine (0 .01mm) quartz and epidote infilling the 
cracks. Quartz grains (0.1 - 0.4 mm) also form a polygonal matrix to 
the large feldspars. Epidote grains outside the feldspars are larger 
(0.3mm) and often metamict, with allanite cores and unaltered rims. 
Sphene and ilmenite are common associates in small quantity. In some 
no foliation is developed, although more micaceous examples do become 
foliated - see plate 2-14.
Basic dykes of about 50 cm width are well seen west of lake 1393 
(GR 4475 2779) where they lie at an angle to the weak foliation of the 
intruded Dyrhaugan Gneisses. They trend WNW-ESE (having undergone 
intermediate rotation) and preserve marginal zones of fining 
(presumably due to chilling) and intrusive apophyses. The rock is
dark grey/green and very fine. Plate 2-15 shows a good example.
Modal analysis was carried out on one (unstained) dyke thin section, 
and the result is given in table 2-F. The mineralogy is comparable 
to that of the Sygnefjell Greenstones. Fine (0.01 mm) equant, epidote 
and quartz forms an equiangular groundmass to larger, weakly orientated 
laths of green biotite. Variations in biotite proportion give a weak 
banding parallel to this alignment. Marginal rutilization and leucoxene 
rims identifies much of the opaque phase as ilmenite.
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(e) INTERPRETATION Banham et al (1979 fig. I)describe a broad 
swathe of locally little deformed (primary features preserved) 
meta-volcanic rocks to the southwest of Sygnefjell and extending 
onto the Sygnefjell plateau. These overlap with the rocks described 
here. To the northeast Twist (1979) concluded that some porphyritic greens tones 
in a similar structural position were greenschist facies meta-volcanic rocks. 
Doubts about this interpretation were.expressed by Bryhni (1980). Following 
Landmark (1949) he regarded the greenstones of the Jotun Nappes 
northwestern margin, including those of Sygnefjell as cataclastically 
deformed derivatives of the crystalline rocks of that nappe, of a 
tectonized and meta-plutonic origin.
Thus contoversy exists over both the formation of these rocks and 
their structural position, be they above or below the Jotun sole 
thrust.
Although the bands of quartz lenticles may be amygdaloidal, primary 
volcanic structures cannot be proven in the Sygnefjell Greenstones 
However, the writer believes that they are metamorphosed lavas on 
the grounds that:-
(i) A sharp junction is preserved between the Lower Sygnefjell Greenstones 
and a monzogabbroic othogneiss (part of the Dyrhaugan Gneisses) 
pod within it (GR 4414 2728). Both lithologies show the effects 
of second deformation phase during which mylonitization of the 
Sygnefjell rocks took place (chapters 4 and 8) but strain is 
low in the orthogneiss and shows no increase towards the 
boundary with the greenstone. Similarly the latter shows only 
a weak fabric. This is an igneous contact, the orthogneiss either
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intrusive to, or forming basement for, the greenstones.
(ii) Comparable orthogneisses to the above, transected by basic dykes,
also form a 50 m thick basal layer to the Lower Sygnefjell Greenstones, 
which are petrologically similar to the dykes. Thse may be feeder 
conduits in the volcanic substratum.
(iii) The upward transition of the Upper Sygnefjell Greenstones into 
a sedimentary sequence of quartzitic psammites and greenschists 
cannot be ascribed to the effects of tectonism on plutonic 
crystalline rocks. Rather it is a primary effect, reflecting 
increased clastic input towards the top of the unit, swamping 
what must then also*be supracrustal rocks (i.e. basaltic lavas)
which predominate at the base. The greenschists may be volcaniclastic.
This upward change is comparable to that seen in the tectonically 
underlying Krosshb Formation, although the (basal) greenstones 
of the latter are considerably thinner.
(iv) Geochemically the Sygnefjell Greenstones can be distinguished from 
mylonitized plutonic Jotun rocks - see chapter 3.
2.4.6 DISCUSSION
The Sygnefjell Meta-arkose lies in a similar structural position, and contains 
comparable deformed and metamorphosed psammites to thrust sheets underlying 
the Jotun Nappe on its southeastern margin - the Valdres and Kvitvola Nappes.
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The thick arkosic (sparagmite) successions within these units are 
like the Sygnefjell Meta-arkose, unfossiliferous, but in the Valdres 
Nappe can be shown to be of late Precambrian age from overlying 
dated rocks (Loeschke and Nickelsen 1968). The same age can be 
proposed for the Sygnefjell Meta-arkose (following Banham et al 1979)
This correlation has been taken a stage further by some authors 
working in the northwestern Jotun Nappe margin who have called 
arkosic sequences along strike from Sygnfjell "Valdres Sparagmite"
(Landmark 1949, Skjerlie1957) and this nomenclature is followed on
the geological map of Norway (Holtedahl and Dans 1960), That some of
the rocks so-named have since been shown to be orthogneisses displaced
from the basement (Bryhni et al 1977, Roberts 1978) emphasizes the difficulties
involved in making lithostratigraphic correlations of even a fundamental
nature in such highly deformed rocks , Nonetheless a direct continuation beneath
the Jotun Nappe has been suggested for the meta-arkosic sequences outcropping 
on its north-western and south-eastern margin (i.e. by Hossack 1978).
This view is substantiated by the mapping of the Valdres and Kvitvola
Nappes in the Vaga area reported by Iversen (1981). It is not
supported by the association of the Sygnefjell Meta-arkose, and others
along strike with thick sequences of putative meta-volcanics (Elliott
and Cowen 1966, Banham et al 1979, D. Twist, pers. Comm. 1979,
this work). The two rock rypes interdigitate and are believed to be
contemporary late Precambrian supracrustals, No volcanic rocks are
reported from the Valdres or Kvitvola Nappes.
The Vassenden Conglomerate and Bovertun Meta-limestones form a rather 
exotic component in the tectonostratigraphy of the Sygnefjell area.
Landmark (1949) amd Roberts (1977) suggested them to be a part of 
the Cambro-Ordovician Phyllite Formation i.e. to be correlable with
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the quartzite/mica schistparautochthon described in section 2.3. 
Lithological links between the two are tenuous, and although it overlies 
(Cambro-Ordovician ?) graphitic schist at Vassenden, the conglomerate/ 
limestone sequence is southwestwards separated from the parautochthon 
by up to one kilometre thickness of Sygnefjell Meta-arkose overlying 
the Kjerringhetta (G.R. 432 306) major zone of imbrication. The 
writer prefers to group the Vassenden Conglomerate and Bovertun Meta­
limestones with the Precambrian, allochthonous, Sygnefjell meta-arkose 
sequence into which it is folded and faulted. This is on the grounds 
of the arkosic nature of the calcareous psammites in the former two 
groups, the similarity of their porphyroclastic phases (conglomerate 
cobbles excepted) with the Sygnefjell Meta-arkose and the allochthonous 
structural position of all these units.
2.5 ALLOCHTHONOUS GNEISSES
2.5.1, INTRODUCTION
Outcropping within the previously described sequence of deformed 
supracrustal rocks are several gneissose units of a more conjectural 
derivation. These vary widely in appearance, and have been grouped 
into five main types, described below. These are plotted on triangular 
classification diagrams in figs. 2-7 and 2-8. Because D^  and D^ 
shearing lead to changes in mineral proportions, especially increasing 
quartz and decreasing plagioclase (chapter 8) the parent composition 
of any deformed rock can only be tentatively deduced from such 
mineralogical classifications.
7 3
2.5.2 GRANITIC GNEISS
Weathering to high ground about the hills 1535 (GR 429 277) and 1512 
(GR 427 259) are two fault-bounded horizons of leucoratic gneisses, 
folded within the Sygnefjell Meta-arkose and the Sygnefjell Greenstones. 
They comprise light grey, crystalline, massive rocks with a fine banding 
of variable intensity. Their appearance is similar to that of the 
Kjerringhetta Formation of the Sygnefjell Meta-arkose; differentiation 
can be made on the basis of the coarser grain size of the Granitic Gneiss, 
and its more feldspathic aspect. Pale pink/blue microcline and 
muscovite flakes are recognisable in hand specimen, giving the rock 
a granitic appearance where the banding is less well developed.
Within these leucocratic rocks are occasional lenses, up to 300m long 
of more mafic, often augen, gneisses, broadly similar in hand specimen 
to the Nuffsvatni Gneisses (section 2.5.4). Sharp but not identifiably 
faulted margins are seen with the Granitic Gneiss, with high contact 
strain.
Modal analysis (table 2-6, and figs 2-7 and 2-8) confirm the quartzo- 
feldspathic and acidic nature of this lithology. Distinctive ribbon 
perthites, up to 3 mm across, are the dominant porphyroclast phase, 
accounting for over 50% of the rock in specimen T36. Quite fresh- 
looking albite also occurs in large grains. The groundmass is composed 
of quartz in l-2mm long monomineralic lenses (internal grain size 0.2mm) 
and around these a mosaic of finer quartz, epidote, feldspar and muscovite 
Epidote and sphene rich bands, and the alignment of the muscovite 
define a usually poor foliation.
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These rocks are orthogneisses derived from the shearing of acid, 
probably granitic parent rocks. They are very similar in appearance 
and mineralogy to rocks of the Felsic Gneiss Complex of the Jotun 
Nappe (section 2.6.3) exposed around the Hervabui Dam (GR 401 247).
2.5.3 THE DUMMHO GNEISS
This forms a unit, about 200m thick, overlying the Sygnefjell Meta- 
arkose on the southern slope of Dummho (GR 481 315). The fundamental 
lithology is a green/grey quartz-feldspar-mica gneiss, psammitic and 
flaggy in appearance, interbanded with a lesser proportion of chlorite/ 
biotite schists, sometimes with conspicuous feldspar augen. These 
bands vary from 10 cm to 1 m in width, and intermediate lithologies 
occur.
Quartz forms 20-40% of the mode (table 2-G) and occurs either as a very 
fine (< 0.02mm) groundmass or bands and lenticles within this of 
larger (O.l - 0.4 mm) strain shadowed and flattened grains. Feldspars, 
green biotite and chlorite also occur within these coarser domains , 
the feldspars reaching 1mm in length and tending to be fractured and 
deformed. Epidote and muscovite are confined to the groundmass. One 
specimen contained relics of hornblende ( light green p blue/green ^ 
dark green).
The Dummho Gneiss was initially believed to be of a sedimentary 
origin, perhaps derived from impure meta-arkoses such as the Krossho 
Formation. However, the low quartz relics indicate an igneous parentage, 
from rocks of an intermediate composition, as suggested by figs. 2 7
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and 2.8. In this respect, and its rather strong banding it is 
comparable to the Basal Gneiss described in section 2.2.
2.5.4 THE NUFFSVANTNI GNEISS
Well exposed to the north of Nuffsvatni (GR 4730 2945), after 
, which they are named, are finely augen gneisses in a unit reaching 
300m in thickness. The rocks are massive, with few minor folds 
giving a dark, rounded aspect on weathered surfaces. In hand 
specimen they show pale green to pink feldspathic lenses, mostly 
0.3 -2 cm long (but up to 7 cm), separated by films of green/black 
matrix and the lenses flattened within it, define the S^ c penetrative
fabric. Enveloped within these gneisses are dispersed bands and 
pods (sometimes xenolithic) up to 2m thick of fine, dark grey, 
non-porphyroclastic basic rocks which occasionally (e.g. plate 
4-6) retain an igneous contact oblique to S^c. Both augen gneiss 
and microgabbroic enclaves are cut by narrow ( < 10cm) pegmatites.
Modally (table 2-G) the Nuffsvatni Gneiss composition is consistent 
The augen consist of aggregates of mostly rather small (0.2 - 0.8mm) 
microcline (often ribbon perthite) and plagioclase (albite where 
determinable, but much of it is strongly saussuritized) with a small 
fraction of fine (<0.1 mm) quartz. They are separated by well cleaved 
zones of biotite, muscovite and epidote, with overgrowing sphene 
and iron ore.
These rocks preserve plutonic igneous textures and relationships, 
and are therefore orthogneisses. Figs. 2-7 and 2-8 show them to be 
broadly intermediate in composition, perhaps of a monzonitic origin.
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Their intermediate into basic intrusive sequence compares with that 
of Jotun Nappe monzonites (see section 2.6).
2.5.5 THE MAFIC GNEISS
These outcrop in a lenticular strip between the Upper and Lower 
Sygusfjell Greenstones, being well exposed in road cuts on the 
Storevatnet road - see fig. 3-1 (b). They are dark green/grey in 
colour, rather fine and diffusely banded on a scale of 10-50 cm.
The darker component in this banding is visually similar to the 
Sygnefjell Greenstones, and it is from samples of this that the 
geochemical analyses of Mafic Gneiss discussed in chapter 3 were 
derived,Occurring with this are lighter horizons comprising a pale 
green feldspathic matrix with numerous dark foliae and lenticles 
of chlorite and biotite.
The essential modal mineralogy (table 2-G) of these gneisses is 
epidote, biotite, quartz and plagioclase. They are fine grained 
(0.01 - 0.1 mm) with a weak penetrative fabric defined by mica 
alignment and epidote rich bands. The plagioclase forms porphyroclasts 
in grains up to 0.5 mm, and is variably saussuritized, being 
sodic where altered- this albite is secondary (chapter 7). Aggregates 
of biotite and chlorite sometimes enclose ragged green hornblende 
and are believed to be relics of igneous minerals.
The mineralogy of these rocks (figs. 2-7 and 2-8), especially the 
high plagioclase and mafic mineral content, suggest a basic igneous 
chemistry, and enclaves of gabbroic texture are found. Some of 
the very fine mafic intercalations may be the result of intense
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shearing of the gabbroic parent rock, or minor basic intrusives 
into It, now rotated into parallelism with the S c  fabric (see 
chapter 3 for further discussion). Such dykes are seen in low 
strain enclaves in the Basic Gneiss Gomplex (section 2.6.2), 
and it is with this mineralogically similar unit of rocks that the 
more pervasively deformed Mafic Gneiss is correlated. Rare earth 
element abundances of the Mafic Gneisses and Jotun Nappe rocks are 
similar - compete figs. 3-21 and 3-22.
2.5.6 PSAMMITIC GNEISS
This forms an upstanding feature, clearly visible on aerial photographs, 
extending for 10 Km across the Sygnefjell at the top of the supracrustal 
sequence, being mostly overlain by the basal thrust of the Jotun Nappe. 
Reaching 100 m thick the typical lithology is a fine, crystalline, 
quartzose gneiss, varying in colour from pale grey/green to darker 
grey/blue, A very fine, laterally persistent, lamination is 
defined by the alternation of grey micaceous bands and thicker quartz/ 
feldspar bands. This fabric is intense and mylonitic, often accentuated 
by ribbons of recrystallized quartz. The presence of creamy feldspar 
can give a clastic appearance, but a more notable feature are rare, 
rounded augen of deep purple microcline, up to 4 cm long, around 
which the banding is deflected.
Table 2-G and figs 2-7 and 2-8 show the modal mineralogy to be simple 
and consistent. Large grains of patch perthite and microcline, with 
albite and occasionally epidote, mostly 0 . 5 - 2  mm long, form bands 
in a finer (0.05 - 0.2 mm) groundmass of quartz, albite and K feldspar. 
Opaques, sphene and muscovite also concentrate into darker laminae 
parallel to a strong cleavage defined by dispersed muscovite. The
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quartz has a weak shape fabric.
These rocks, although finer and with a stronger fabric, are modally 
(fig. 2-6) and texturally similar to the Sygnefjell Meta-arkose. It 
is proposed that they are paragneisses representing an impure arkosic 
psammite. The origin of the large, pre-tectonic microcline augen is 
difficult to explain except as clasts, and then their isolated 
distribution is problematical. They may be drop stones from floating 
ice.
2.5.7 DISCUSSION
With the exception of the Psammitic Gneiss all the now - deformed units 
described in this section are interpreted as having a plutonic igneous 
origin. They occur in fault bounded slabs within the supracrustal 
sequence, mostly at a broad tectonostratigraphic level separating the 
Kjerringhetta Formation from the Krosshb Formation and Sygnefjell Green­
stones - map 1. There is no evidence for their having been intrusive 
to the supracrustal rocks and so their affinities are inferred to 
lie with the older orthogneisses of basement type forming the Western 
Basal Gneisses and the Jotun Nappe. Correlation between these major 
units and the allochthonous orthogneisses have been suggested. Faulted 
units of basement-type rocks have been reported from the sub-Jotun 
supracrustal nappes elsewhere along the northwestern Faltunsgraben 
margin (Bryhni, Roberts 1978).
8i
2.6 THE JOTUN NAPPE
2.6.1 INTRODUCTION
Although some of the gneisses described in section 2.5 may represent 
detatched slivers of the Jotun Nappe, the bulk of this, the highest 
fundamental unit of the Sygnefjell tectonostratigraphy, overlies the 
Psammitic Gneiss. The basal thrust outcrops just north of, and 
broadly parallel to, the Sogndal-Lom road - fig. 1-3. Three units, 
all of plutonic origin, are recognized in the Jotun Nappe, being 
differentiated by both composition and strain state. Structurally 
upwards these are : - 2.6.2, the highly deformed gabbroic rocks of the 
Basic Gneiss Gomplex and 2.6.4, the largely unsheared gabbros and 
monzonites of the Igneous Complex. The rocks of the latter group 
are classified by their modal mineralogy, using the quartz vs. alkali 
feldspar vs. plagioclase diagram of Streckeisen (1976), reproduced in 
fig. 2-7.
2.6.2 THE BASIC GNEISS COMPLEX
Overlying the sequence of mostly supracrustal rocks previously 
described is a heterogeneous unit of basic gneiss. Owing to the 
effects of folding and faulting its thickness is difficult to determine 
but whe%/e greatest probably exceeds 500m. The Basic Gneiss Complex 
forms the area of low relief utilized by the Sogndal - Lom road.
The fundamental lithology is dark weathering feldpsar biotite gneiss, 
the gneissose banding varying in thickness from 1cm to several metres,
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Defined by the banding, and often intrafolial to it, are many isoclinal 
folds (plate 4-1). The banding reflects the alternation between two 
lithological end members, shown in plate 2-16. The greater volumetrically 
is a grey, quartz/feldspar/biotite fraction often with dispersed rods 
of granular white feldspar 5-10 mm across defining a strong lineation 
(plate 4-9). Mafic interbands to this are finer, with a green/black 
colour reflecting often identifiable amphibole and biotite.
Proportional variation between these two constitutents and differences 
in the finite strain state give the Basic Gneiss Complex a great 
heterogeneity. This sectond factor is important because in the 
areas of low strain vestiges of the primary lithological assemblage 
are preserved, and show the parent rock to have been a basic intrusive 
complex. This is demonstrated most completely in a series of exposures 
about GR 4346 2591 and represented in the composite diagram of fig. 2-10.
The palaeosome, in small flattened xenoliths, is a coarse melanocratic 
rock with subhedral to euhedral pyroxenes 1 cm across now pseudomorphed 
by dark blue/green uralite. Feldspar is almost absent, particularly 
in the xenolith cores; the parent rock is believed to have been 
ultramafic, a pyroxenite (see plate 2-17). Successive neosome phases 
are then
(i) Feldspathic leucogabbro, often as pods enclosing the pyroxenite 
(plate 2-17).
(ii) Melagabbro, enclosing theleucogabbroic pods. This can be very 
mafic as in plate 2-16, but usually shows flattened lenticles of 
white feldspar.
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(iii) Sharp quartz/feldspar pematites, white in colour.
(iv) A "speckled" mesagabbro. This texture reflects amphibole 
blebs 0.5cm across in a green/white feldspar matrix. The 
mesogabbro truncates the pegmatites of (iii) and contains 
xenoliths of meta-gabbro, shown in plate 2-18.
(v) Dolerite dykes, with intrusive apophyses and chilled margins 
(plate 2-17 and 2-18).
(vi) White pegmatite veins.
The later phases in this sequence are preserved in many enclaves
of lower deformation within the typical feldspar biotite gneiss.
They vary from rare 150-200m long lenses (mostly of meso-gabbro) 
to common pods of a few centimetres length. These pods may be 
sharply defined boudins of a pre-existing competent layer (plate 
4-4) or epidotized relics marginally gradational to the
surrounding gneiss (plate 8-7).
Towards its structural top a further element is added to the 
lithological mix of the Basic Gneiss Complex with the incoming 
of numerous bands and pips of coarse, flattened, granitic material 
as in plate 2-19. The feldspars are the characteristic pink of 
microcline, and the large biotites define a cleavage enwrapping 
them.
Microscopically the meso-gabbro shows a metamorphic mineral
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Plate 2-17. Basic Gneiss Complex GR 4346 2391.
Dolerite dyke with chilled margins separates melagabbro from 
leucogabbro. Pyroxene pods occur in the latter and as a xenolith 
in the dyke. Note development of gneissose banding. View NE.
IS
Plate 2-18. Basic Gneiss Gomplex » GR 4346 2391.
Melagabbro / mesogabbro contact, with xenoliths of the former. Contact 
is cut by a dolerite dyke. View E.
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assemblage. A very fine saussuritized, mesh of sericite and epidote 
has replaced original calcic plagioclase (a few relies of An 20 
survive) which is about 40% in the mode (table 2~H). No primary mafic 
minerals can be identified; lath-like aggregations of green hornblende 
and biotite, with magnetite, 1-3 mm long show an amphibole cross 
sectional shape. They are pseudomorphing ignec^s hornblende. The 
pyroxene pseudcmorphs in pyroxenite are the only evidence of that 
mineral. Platey muscovite and green biotite has little or no alignment
The feldspar biotite gneiss shows a similar mineralogical range to 
the meta-gabbros from which it is derived, but in different modal 
percentage (table 2-H). Amphibole and plagioclase decrease in 
proportion while, in particular epidote, biotite and quartz increase. 
The plagioclase is mostly fresh, and sodic (An 5-8). Microcline 
and albite form poyphyroblasts up to 1 mm across. Together with 
quartz, epidote and sericite they are replacing older porphyroclastic 
plagiocalse (see plate 8-14). With a finer groundmass (0.1 - 0.2mm) 
of feldspar and quartz these form the leucocratic bands in the gneiss. 
The quartz is strain shadowed and has a dimensional orientation.
This parallels the banding and strongpenetrative cleavage of biotite 
and often corroded amphibole in the mafic alternations (see plates 7-1 
and 7-3). These also contain weakly aligned epidote, chlorite and 
opaques. Sphens is a ubiquitous accessory mineral, both as scattered 
grains and leucoxene rims on ilmenite. This fabric is discussed 
further in chapters 4,7 and 8.
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2.6.3 THE FELSIC GNEISS COMPLEX
Overlying the Basic Gneiss Complex is a similar thickness of more 
acid orthogneiss, the Felsic Gneiss Complex. This forms rather 
subdued topography with rounded light coloured exposures. The typical 
lithology, comprising 80% of these exposures is a pink feldspar biotite 
augen gneiss and the coarse monzonite from which it is derived.
The parent rock shows an "igneous" texture with green mafic knots 
0.5 - 1 cm across and larger unflattened pink/orange microcline and 
white plagioclase.
Mostly this original rock type has undergone rather low deformation, 
the feldspars forming sometimes prominent flattened rods, defining 
L^ and 0.5-3 cm across perpendicular to this. The mafic knots 
recrystallize to form a cleavage enwrapping the feldspar poyphyroclasts. 
The rock is now pink feldspar biotite augen gneiss. The general low 
strain state of the Felsic Gneiss Complex contrasts with the mylonitic 
gneisses of the underlying Basic Gneiss Complex. This point will be 
returned to presently.
In the west of the area mapped, around Hervabui (GR 400 246) the 
lithology above is replaced by a finer, paler, less micaceous quartz 
granite. Pink/purple microcline remains identifiable, but is not 
porphyroclastic, a fine, diffuse banding rather than augen texture 
developing upon shearing. Within the quartz granite are numerous 
xenolithic patches of the coarse biotite monzonite described above.
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Plate 2-19. Basic Gneiss Complex, GR 4336 2383.
Lenses of coarse acidic material, with large pink K-feldspar augen 
and biotite flakes, surrounded by basic orthogneiss. View N.
Plate 2-20. Felsic Gneiss Complex, GR 4378 2463.
Margin of large gabbroic body net veined by coarse monzonite. Veiw NL,
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Bodies of meta-gabbro, up to 500 m long, occur within the acid rocks 
of the Felsic Gneiss Complex. They are meso - to melanocratic and 
similar in appearance to the late neosome phases of the Basic Gneiss 
Complex. This comparability extends to their modal mineralogy 
(table 2-1). The Felsic Gneiss Complex meta-gabbros are in the same 
unsheared or little sheared state of the surrounding more acid rocks. 
Granitic pegmatite and apophyses from the surrounding granites and 
monzonite cut the gabbros, particularly at their margins (e.g.
GR 4479 2480), sometimes creating net veins (e.g. GR 4578 2462, plate 
2-20).
The consistent acid into basic intrusive relationship and similarity 
in the the basic rocks of the Basic Gneiss Complex and presently over- 
lying Felsic Gneiss Complex suggests the latter group to represent 
a granitization of the former. A gradational contact between the 
two may then be expected, and this is the case. It was noted in 
section 2.6.2 that acidic pods occur towards the top of the Basic 
Gneiss Complex. Similarly meta-gabbroic relics are common towards 
the base of the Felsic Gneiss Complex, forming cleavage parallel 
bands and lenses up to 1 m thick, well seen about GR 4385 2920. 
Igneous contacts are lost and both rock types are strongly foliated, 
strain being higher than is typical of the Felsic Gneiss Complex.
Thus the boundary between the two orthogneiss complexes shows both 
lithological and deformational gradation. That this is over a very 
short distance (<100m) may be due to a cryptic thrust fault near 
the contact, possibly also responsibly for the westward thinning 
of the Basic Gneiss Complex.
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The last intrusive phases seen in the Felsic Gneiss Complex are bas­
altic and doleritic dykes, up to a metre wide, trend towards 140-150°.
The quartz granite, T45, from Hervaui, has 32% quartz in the mode, 
table 2-1. It occurs as moderately large grains (0.3-lmm), accompanying 
microcline and albite (both 0.5-2mm) in a roughly equigranular 
mosaic. Within the mosaic are interstitial patches and thin domains 
along grain boundaries of much fine quartz and feldspar (0.05 - 0.2mm)
W'ith biotite and epidote. The albite is little saussuritized and
the microcline is non-perthitic. No minerals show any consistent 
shape fabric, although the quartz is strain shadowed.
Modal analyses of the pink feldspar augen gneiss and coarse monzonite 
are given in table 2-1. Classification after St'reckeisen (1976) 
shows a compositional range from monzodioritic to granitic (fig.
2-9) with a scatter away from the least deformed, monzonitic, sample. 
Feldspars form the augen phases, microcline, as in plate 7-5, being 
particularly coarse, single crystals reaching over 1 cm in length.
The augen are often fractured, maintaining optical continuity across 
the breaks. Microcline mostly is non-perthitic or with only a very 
few poikiloblastic patches of albite. One speciment, T42, has good 
ribbon and patch perthites, and in antoher, NOT 14, albite shows a 
ribbon antiperthitic texture. Albite is generally slightly saussur­
itized (plate 7-4), occasionally with an unaltered epitaxial rim, 
and of a grain size up to 1 cm across. In the less sheared specimens
quartz can also be quite coarse (grains 0.5 mm) often occuring
94
in polycrystalline patches interstitial to the felspars. In the 
augen gneisses the feldspars become more granulose and the quartz 
reduces in size considerably, to about 0.1mm, forming with biotite, 
diastomosing films separating the lenticular feldspars. The mafics 
and to a lesser extent quartz and feldspar, show a dimensional orient 
ation absent in the unflattened monzonite. Fine quartz also infills 
fractures in the feldspars.
2.6.4 THE IGNEOUS COMPLEX
In the Rundhaugen area (GR 475238) the Felsic Gneiss Complex is
I,
tectonically overlain by igneous rocks mostly showing a much weaker 
metamorphic and deformation overprint. Northwards the flat lying 
thrust faults confining this group are down folded, exposing the lower 
members in a series of synclinal troughs. These klippe lie 
within both the Felsic and Basic Gneiss Groups, forming hills rising 
steeply to 100m above the surrounding subdued topography. The most 
northerly and tectonically lowest of the klippe are composed of 
coarse quartz monzonite (NT 10, NTll, see table 2-J). This comprises 
white, green or pink feldspar, with quartz as a groundmass to diffuse 
green/grey mafic patches 5-lOcm across, becoming sheared and augen 
textured for up to 50m adjacent to the basal thrust. Associated 
microtextural changes are described in section 8.4.1, They have a 
similar appearance in hand specimen, modally (table 2-J) and micro 
scopically (plate 8-9) to the intermediate rocks of the Felsic Gneiss 
Complex, although not containing the large gabbroic relicts seen in 
the latter. However, small (5-20cm) angular gabbro xenoliths
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are commonly seen in the monzonites. At a number of localities 
these otherwise homogeneous rocks are cut b y  dykes of a meta-basaltic or 
doleritic type (e.g. GR 4589 2616) with an approximate north-south 
trend. In thin section these prove to be equigrannlar mosaic of quartz,
muscovite, biotite and epidote.
Mostly gabbroic rocks outcrop to the south of these underlying 
monzonitea.- They are more melanocratic than the 
monzonites and (with a grain size in hand specimen of 2-5mm) finer, 
although types with an intermediate appearance do occur. The feld­
spar grains are often purple, pale green or cream coloured. Amongst 
the ferromagnesian minerals pyroxenes. amphibole and biotite are 
sometimes recogniseable. Variations in the proportion of these,
in feldspar colour and in texture allow a differentiation into diff­
erent gabbroic types, but intrusive contacts can only occasionally 
be found (e.g. GR 4628 2395), boundaries often being faulted. The 
faults sometimes, though not invariably, mark narrow zones of flatt­
ening (fault mylonites, see chapter 8), the gabbros being degraded 
to fine foliated gneiss. With less intense strains this foliation 
(S^ ) can be seen to be at an angle to an occasionally developed 
rhythmic layering between feldspar rich and ferromagnesian mineral 
rich bands, showing this to be an igneous feature (e.g. GR 4625 2373). 
Rare dolerite dykes, similar to those in the monzonites cross-cut 
the gabbros (e.g. GR 4625 2373).
onModal analyses of gabbros representative of the range seen 
Sygnefjell are given in table 2-J. Those mapped as leucogabbros
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show a largely metamorphic mineral assemblage with original mafics 
reduced to dispersed knots of amphibole, biotite and chlorite, 
with clinopyroxene cores in the more basic specimens (e.g. NCT 23). 
The plagioclase (35-60% in the rock) is strongly saussuritized, 
although relics of oligoclase and andesine remain. Alkali feldspars 
are present but strongly subordinate to plagioclase, forming less 
than 10% in the mode, and in some specimens are finely perthitic.
The classification scheme of fig. 2-9 includes two of these rocks, 
one of which (NCT 35) proves to be grano-dioritic. This specimen 
lies close to one of the fault mylonites mentioned above and this 
is likely to have caused it to move compositionally towards the acidic 
field (by an increase in quartz content especially - see chapter 8).
The other rocks of the Igneous Complex have a variable hand spec­
imen appearance, but their field identification as gabbros is 
confirmed by modal classification - see fig 2-7. Their fundamental 
mineral assemblage is lalradorite, clinopyroxene and orthopyroxene 
with apatite, opaque oxides, hornblende, biotite and epidote as 
common accessories. Although some of these minerals result 
partially from secondary metamorphic transformations (hornblende, 
biotite, and epidote - plate 7-2) the fundamental assemblage is 
believed to be primary and the Igneous Complex as a whole a little 
altered basic plutonic suite. The alternative that these rocks 
are high grade metamorphics is disregarded on the basis of preserved 
igneous features. On the mesoscale there are dykes (cross cut by 
the earliest identifiable foliation), intrusive contacts between 
plutonic members of the Igneous Complex, rhythmic layering and 
xenoliths in the monzonites. On the microscale they have igneous 
textures, in particular cumulate, intercumulate and ophitic minerals.
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Fig 2-11 is a sketch of the latter; labradorite laths are enclosed by 
augitic clinopyroxene. Orthopyroxene (slightly pink hypersthene) 
and pleochroic (straw yellow to recfbrown) biotite also form intercum­
ulus phases to plagioclase. The gabbros are corona bearing, reaction 
taking place between plagiocalse and in particular opaque oxides 
or clinopyroxene. This is a sub-solidus reaction, the coronas 
moulding around the cumulate crystals and containing some phases 
not seen other than in the coronas. They are up to 0.5 mm wide, 
containing two or three minerals broadly in a discontinuous reaction 
series. A typical sequence, from the core is opaque oxide— ^ 
orthopyroxene— ^  garnet— labradorite. An example is shown in fig 
2-11. In some cases the oxide is skeletal and poikilitic and has 
possibly replaced olivine. Primary amphibole and garnet are only 
recognizable as a component of the coronas, otherwise being metamorphic 
(M^ - see chapter 7).secondary phases. Primary biotite is a deep 
red/brown colour in contrast to the green metamorphic biotites seen 
in the gneiss complexes. The plagioclase An content was determined 
and shows it to be labradorite in most cases, although some specimens 
contain andesine. It occurs as subhedral laths with complex twinning 
(Carlsbad and fine albite and pericline twins) and only weak 
epidotization implying it to be primary. The one exception to this 
is specimen NCT 14 (table 2-J) in which a saussurite felt replaces 
plagioclase, and the original ferromoagnesian minerals are also lost. 
This specimen closely resembles some of the altered gabbroic relics 
in the Basic Gneiss Complex,
On the top of the hill 1480 (GR 4677 2477) in the north-south trending
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synformal core (F5) of a klippe of the Igneous Complex are 
upstanding exposures of a medium grained melanocratic rock, with 
a distinctive "careous" pale brown weathering surface. It is 
enclosed by gabbro (as above) with ambiguous intrusive apotheses 
at the contact, but the gabbro fining towards the melanocratic 
pod which is therefore the older - see fig 2-12. Microscopic analysis 
shows these rocks to be ultramafic, mafic minerals comprising 
greater than 70% of the mode, given in table 2-J. Mineralogical 
classification after Best (1982) establishes the rock type as 
Iherzolite Olivine is dominant in 0.5 - 2 mm long anhedral cumulative 
grains set in an intercumulate matrix of augitic clinopyroxeme 
(presumably very calcic in view of olivine proportion) and 
hypersthene. This intercumulus can maintain optical continuity 
around several enclosed olivine grains, as in fig 2-13. Unaltered 
labradorite is in a similar interstitial state, usually where the 
pyroxenes are absent. Opaque oxides occur both as inclusions in 
olivine, from which they are being exsolved, and as part of the 
intercumulus, where they are surrounded by rims of hypersthene.
Coronas are also present between olivine and labradorite, showing 
a sequence of hypersthene-^clinopyroxene-**amphibole from the olivine.
Both clino-and orthopyroxenes (especially the latter) are bing replaced 
by a microcrystalline brown mineral, endowing them with high 
dispersion.
2.6.5 DISCUSSION
In the area mapped by the writer the Jotun Nappe comprises two 
essential units - firstly gabbros and monzonites of the Igneous Complex
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which are little deformed except at their faulted base where they 
overlie, secondly, a sequence of orthogneisses, the Basic and Felsic 
Gneiss Complexes. This faulted contact is the roof thrust of a 
duplex structure within the orthogneiss, the floor thrust of which 
overrides supracrustal rocks (see chapter 4). Although the contrast 
in finite strain state between the orthogneisses and the Igneous 
Complex may imply considerable movement on the intervening fault 
they are believed to be part of the same, originally contiguous. 
plutonic complex. Lithological comparisons have been drawn between 
monzonites and gabbros of the Igneous Complex and what prove to be 
similar rocks in low strain pods within the orthogneisses. The 
broad sequence of intrusion established in each of the two units, 
is also the same - ultramafic paleosome followed successively by 
gabbroic and monzonitic neosome phases (and then granitic intrusion 
in the Felsic Gneiss Complex not seen in the Igneous Complex). Late 
minor intrusive phases are also common to both - basaltic to doleritic 
dykes trending to 140-180° and narrow pegmatites. Fig. 2-14 
dramatically shows these relationships. Fig. 3-22 shows the rare 
eatth element (REE) abundances of two samples each from the Basic 
Gneiss Complex,and monzonites of the Igneous Complex. Their similarity 
is marked. They show strong light REE enrichment with no Eu anomaly 
interpreted as the signature of an igneous liquid composition (dis­
cussed more fully in section 3.6). Weaver and Tarney (1980) produce 
comparable REE plots from Lewsian orthogneisses.
Part of the Jotun Nappe described by the writer corresponds to the
"border facies" of Goldschmidt (1916) on the south side of the Jotun outcrop
and the "peripheral group" of Battey and McRitchie (1973) which they traced to
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just east of the Sygnefjell area. Battey and McRitchie (1973) 
describe the peripheral group as comprising gabbros, syenitic and gran­
itic rocks, many in the condition of amphibolites, and with primary 
igneous textures (also seen by Goldschmidt 1912). More specifically 
the Basic and Felsic Gneiss Complexes of this work are correlable 
with the Galdeberghytta Gneisses of Banham et al (1979). These 
authors and others (Skjerlie 1957, Battey and McRitchie 1973, Bryhni 
et al 1977, Roberts 1978) have noted the presence of such a strongly 
deformed sole to the Jotun Nappe on its northwestern margin.
Equivalents of the higher grade (pyroxene gneiss) rocks making 
up the central part of the Jotun Massif (Jotun norites - Goldshcmidt 
1916, axial group-Battey and McRitchie 1973) were not recognized.
These may be older than the peripheral group (Battey and McRitchie 
1973) or deeper levels of a contemporaneous intrusive complex (Emmett 
1982). All appear to be of Precambrian age (Sturt et al 1975, Scharer 
1980), with magmatic activity over the period 1200-900 Ma, and 
possibly pre-1700 Ma (Scharer 1980).
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CHAPTER 3
GEOCHEMICAL EVIDENCE FOR THE ORIGIN OF THE SYGNEFELL GREENSTONES
3.1 INTRODUCTION
The contoversy that exists over the origin of fine, weakly banded, basic 
rocks outcropping across the Sygnefjell plateau, be they meta-volcanic 
(Banham et al 1979) or mylonitic, plutonic orthogneiss (Bryhni 1980) has 
already been outlined in chapter 2. This work has advocated the recogn­
ition of both of the two proposed main rock associations :-
(i) The Sygnefjell Greenstones - banded and unbanded greenstones and 
greenschists becoming increasingly interlayered with quartzitic horizons 
higher in the unit. The greenstones are regarded as meta-extrusives 
associated with volcaniclastic or tuffaceous rocks re-crystallised as 
greenschists with the loss of any distinct primaty textures. The 
quartzo-feldspathic units are similar to clastic meta-arkoses seen 
elsewhere on Sygnefjell and a sedimentary origin is proposed.
(ii) Mafic to felsic widely banded orthogneisses representing sheared 
and mylonitized plutonic, mainly gabbroic, rocks. A unit of these, 
the Mafic Gneisses, outcrops between two separate, major, horizons of 
greenstone, designated the Upper and Lower Greenstones, see fig 3-1.
The aims of this chapter are two-fold:-
(i) Within the bounding postulate that the Sygnefjell Greenstones are 
meta-volcanic rocks, and can be treated as such, to see if their major, 
trace and rare earth element chemistry is compatible with this, and if 
so whether a likely tectono-magmatic origin can be deduced.
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(ii) To see if any geochemical distinctions can be discerned between 
the greenstones and the fine mafic rocks comprising much of the Mafic 
Gneiss.
3.2 TECHNIQUES
Major and trace element adundances were determined by X-ray Fluorescense 
Analysis on a Philips PW 1400 Spectrometer.
Rare earth elements were determined by Instrumental Neutron Activation 
Analysis. Data reduction was by computer program SAMPO.
A full description of techniques is given in the thesis appendix.
3.3 MAJOR ELEMENTS
Geochemical classifications of basalts and associated rock types are 
based largely upon major elements, and distinguish three broad categories 
- those of tholeiitic, alkalic and calc-alkaline natures. The 
tholeiitic and alkalic series were defined with respect to basalts and 
are most frequently separated by their normative mineralogy (Yoder and 
Tilley 1962) or alkali contents (Kuno 1959, MacDonald and Katsura 1964). 
The calc-alkaline and alkalic series were distinguished by Peacock (1931) 
on the basis of alkali-lime indices- by this both thoeiitic and calc- 
alkaline were defined as being sub-alkalic with respect to the alkali 
series. The separation of the former two can be accomplised using iron 
enrichment trends on an AFM diagram (Wager and Deer 1939).
A table comparing the major element concentrations of the Sygnefjell 
Greenstones with fresh basalts of these three types is presented in 
table 3A. These show a number of elements (ignoring re-calculated
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FeO and Fe203) which lie away from typical basalt compositions, 
notably K20 and P205. Within the postulate that these rocks are 
of meta-volcanic origin this leaves two alternatives; either they 
are of a (very) singular nature, or some elements became mobile 
during the tectonism and metamorphism they have undergone.
Major element mobility during alteration and metamorphism has been 
described in several studies. Elliott (1973) noted marked increases 
in K20 and P205 proportions and associated decrease in CaO and Si02 
during the amphibolitization of gabbro. Similar changes within 
the hormblendic Sygnefjell Greenstones would accord well with the 
deviation of the aberrant elements. Smith and Smith (1976) 
demonstrated considerable systematic variation of K20 and CaO related 
to low grade metamorphism of basalt. This variability seems to be 
reflected in the Sygnefjell rocks by an indeterminate scatter of 
points on classificastion diagrams involving these components, such 
as Na20 + K20 vs. Si02 (fig. 3-2) or the tectono-magmatic discrim­
ination scheme Ti02 vs. K20 vs. P205 or Pearce et al ( 1975, see 
also Smith and Smith 1976). Sea floor alteration, particularly 
alkaline enrichment during spilitization, has also been shown to dist­
urb these schemes (Vallance 1965, Hermann et al 1974, Hughes 1973).
Despite these limitations evaluation of bulk major element chemistry 
through the calculation of CXPW norms (Cross et al 1903) does 
show at least provisional correlation with the proposed tectonostrat- 
igraphy. The Lower Greenstones and dyke speciment T16 prove to be 
mildly ne normative, and the Upper Greeenstones to be by normative.
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On the basalt tetrahedron of Yoder and Tilley (1962) they lie in the 
alkali basalt (basanite) and tholeiitic fields respectively (fig. 3-3)
Scondary modification of the alkali faction as described above is 
responsible for anomalous proportions of orthoclase: plagioclase and albite 
:anorthite. Other major element changes appear not to affect the classification 
greatly, beyond possible movement towards the ne normative field with 
reduction in Si02 (Elliott 1973), or an increase in total alkali's.
This distinction between the Upper and Lower Greenstones as substantiated 
by FecMgO ratios, which in the ne normative Lower Greenstones and dyke 
T16 vary from 1.27 to 1.89. The tholeiitic Upper Greenstones show 
greater iron enrichment (values between 2.06 and 2.59), graphically
displ^ed on an AFM plot (fig. 3-4). At first sight this diagram
appears to contradict the normative mineralogy, the supposedly 
tholeiitic Upper Greenstones lying nearest alkali basalt trends, and 
the supposedly alkalic, undersaturated. Lower Greenstones, lying within
the field of calc-alkaline basalts, the great majority of which
are oversaturated (Gill 1981). However, when account is taken of the 
spread of data used to construct the differentiation trends of fig. 3-4 
as shown in fig. 3-5, and the unquantifiable variable of alkali 
enrichment it seems reasonable not to attempt classification from this 
diagram. Nonetheless, unless there are great local differences in 
chemical mobility (and there is no evidence that there should be in 
the tectonic and metamorhjii'ic nature of the specimens) then relative 
differences between groups should still be significant i.e. the Upper 
Greenstones show a more tholeiitic iron enrichment trend than do the 
Lower.
Oxide 
wt %
1
Mean Ocean- 
th o le i  i t e
I
Mean
Continental 
th o le i  i t e
2
Calc- 
A lk a l i  ne
series
3
A lka l ine
basalts
Mean
Sygnefje l l
Greenstone
Si Og 49.3 51.5 53-70 46.52 46.86
Ti Og 2.4 1.2 1.2-0.5 2.38 2.29
A I2 Og 14.6 16.3 19-16 13.47 15.52
Fe^Oj 3.2 2.8 3.66-1.25 3.09 1.56
FeO 8.5 7.9 5.4-1.02 9.99 10.2
MnO 0.17 0.17 0.17-0.06 0.15 0.22
MgO 7.4 5.9 8.96-1.5 9.79 6.05
CaO 10.6 9.8 9.5-3.17 10.14 8.58
Na^O 2.2 2.5 2.89-4.97 3.01 1.315
KgO 0.53 0.86 1.07-2.67 0.78 3.41
P2O5 0.26 0.21 0.28-0.09 0.26 1.03
I l l
Values in weight % TA B LE  3 - A
1 - Manson (1967), 2 -  Jakes and G i l l  (1970) and Jakes and White (1972),
3 -  mean of data from Yoder and T i l l e y  (1962)
Element ppm Ti Zr Y Nb Sr
Ocean f lo o r  basa lts 8350 92 30 50 131
Low-K t h o l e i i tes 5150 52 19 1.5 207
C a lc -a lk a l in e  basa lts 5400 106 23 2.5 375
Shoshonites 3700 52 16 - 1193
Ocean is land  basa lts 16250 215 29 32 438
Continenta l basa lts 15150 215 29 20 460
S ygne f je l l  Greenstones 13754 171 35 13.5 1158
TABLE 3 - B
A l l  data, bar S ygne f je l l Greenstones, from Pearce and Cann (1973).
Values in  ppm ____________________ _ _____________________ _ __________
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FeOrMgO ratios can also be used as an index of fractional crystalization 
in binary diagrams (Saunders et al 1979) and the differentiation trends 
of Si02, Ti02 and FeO described (Miyashiro 1975, and see Fig. 3-6).
Here analyses of the Sygnefjell Greenstones show consistent tholeiitic/ 
alkalic signatures, and are distinct from calc-alkaline tholeiites.
Major elements thus define the Sygnefjell Greenstones to be of an 
alkalic transitional to tholeiitic type, although their alkalic nature 
may be exaggerated by an increase in K20 and a possible decrease in 
Si02. The more alkalic rocks are seen to be the Lower Greenstones 
and the possibly associated dyke, specimen T16, seen to be intrusive 
to orthogneisses underlying these greenstones.
3.4 TRACE ELEMENTS
A number of investigations (e.g. Winchester and Floyd 1975, Smith 
and Smith 1976) have shown that several of the trace elements appear 
to be only mildly affected during low grade metamorphism of basic 
igneous tocks, in particular Zr, U and Nb. Discrimination of 
basic tock type and tectonomagmatic origin using these incompatible 
elements, with Ti and Sr was achieved by Pearce and Cann (1973). A 
comparison of chemical data quoted in their paper with that of the 
Sygnefjell Greenstones is presented in table 3-B.
Pearce and Cann (1973) noted a decrease in Y:Nb ratio with increasing 
alkalic nature of the rocks sampled. They state "Y:Nb for alkali basalts 
is<l for witiiin plate basalts and <2 for ocean floor basalts. Y:Nb for 
tholeiitic basalts is >2 for within plate basalts and >3 for océan floor
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basalts". Values in the Sygnefjell Greenstones range from 1.42 to 
4 with a mean value of 2.94,- Particularly when taken with the high 
concentrations of Ti and Zr (table 3-B) this seems to exclude an ocean 
ridge or island arc origin, with affinities to ocean island or continental 
basalt types.
The proportion of Sr in the Sygnefjell Greenstones is both higher and 
more variable than in most modern basalts (table 3-B). On a ternary 
Ti vs. Zr vs. Sr diagram (Pearce and Cann 1973) analyses from the 
Sygnefjell Greenstones plot in a linear fashion trending towards 
the Sr corner, and extending outside the basalt field (fig3-7), a 
pattern ascribed to progressive metamorphic change by Smith and Smith 
(1976). Noticeable effects on Sr composition by greenschist facies 
metanorphism were also referred to by Pearce and Cann (1973). Such 
discrimination schemes involving Sr will thus not be considered, 
although fig. 8 may give some idea of the degree of alteration, the 
two samples that plot outside the basalt field (T23 and T27) 
lying in anomalous positions on diagrams which utilise other elements 
(figs. 3-2 and 3-3).
For more altered rocks Pearce and Cann (1973) present another 
ternary plot, the Ti vs Zr vs Y diagram. On this plot three of the 
five greenstone analyses, and the dyke, plot marginally within the 
field occupied largely by mid-ocean ridge basalts. The remaining 
analysis lies inside the field of within plate basalts.(fig. 3-8).
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This spread shows no tectonostratigraphic correlation, and accepting a raeta- 
basaltic origin for the greenstones either one or more elements are mobile, 
or Pearce and Canns (1973) domains are not absolute. With regard to the 
former, the demonstrated mobility of Zr in meta-volcanics (Elliot and Harvey 
1980) and amphibolites (Field and Elliott 1974) during metamorphism is noted. 
The latter possibility seems confirmed by Floyd and Winchester (1975) who 
describe the spread of data from continental tholeiites across the mid-ocean 
ridge field. Further, Sun and Nesbitt (1979) point out that as Y approximates 
to a heavy REE and Ti and Zr to the behaviour of middle REE their variation 
on a triangular diagram reflects the slope of middle and heavy REE. This 
suggests that rocks which show more than usual REE fractionation for their 
environment, such as the Karoo tholeiites, or enriched ("E type”) MORE, 
may spread beyond the bounding values for that field on a Ti vs Zr vs Y plot.
The discrimination fields described by Pearce and Cann (1973) within a Ti02 
vs Zr diagram also have to be disregarded in the light of data from fresh 
(e.g. Floyd and Winchester 1975) and metamorphosed (e.g. Grenne and Roberts 
1979, Elliott and Harvey 1980, Saunders et al 1979) volcanics, and so the 
domains of Floyd and Winchester (1975) are used. Here,fig. 3-9, the range 
of values of the Sygnefjell Greenstones is best accommodated within the 
domain of continental tholeiites. This classification seems substantiated 
upon the Ti02 vs Y:Nb diagram of Floyd and Winchester (1975) (fig. 3-10) 
where they occur transitionally between alkalic and oceanic tholeiitic basalts.
In conclusion Y:Nb ratios confirm the tholeiitic nature of the Sygnefjell 
Greenstones. Taken together with the high levels of Ti and Zr, and the low 
to moderate Zr:Nb ratios (8.4 -16.3) an intraplate origin seems most likely 
Using the binary discrimination schemes of Floyd and Winchester (1975) 
a continental setting is suggested. The dyke T16 has a similar chemistry 
to that of the greenstones.
3.5 RARE EARTH ELEMENTS (REE)
Unlike many of the major and trace elements previously described REE abundances
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appear to remain essentially unchanged during low grade metamorphism
(Frey et al 1968, Jakes and Gill 1970, Hermann et al 1974, chapter 8 this work)
REE Patterns, normalized to the chondritic values of Nakamura (1974)
for the Sygnefjell Greenstones are shown in fig. 3-11. They are
moderately fractionated with CexYb^ratios of 2.4 - 4.8, see table 3-C.
Increasingly strong light REE enrichment is reflected both in the
slightly concave upward form of the graph and LajSm^ratios that
are consistently higher than those of Tb^Yb^ (table 3-C). Overall
REE abundancies increase alongside those of other incompatible elements
such as Zrand Ti (table 3-C). The relationship of the slope of the
line and its level is shown upon a Ce„:Yb^^vs Ce^ diagram in fig.
3-13, where the Sygnefjell Greenstones lie close to E-type MORE and 
Hawaiian lavas. As with major and trace elements the dyke T16 is 
very similar ot the greenstones in its composition, and perhaps this 
reflects a genetic relationship.
Light REE enrichment, while not typical of tholeiitic lavas, is
encountered in a wide range of settings-
E-type MORE e.g. Mid Atlantic Ridge 45 N.
Wtihin plate continental lavas e.g. the Karoo.
Island arc tholeiites e.g. Java.
Representative patterns of these environments are shown in fig. 3-12.
Eecause of this ambiguity the REE and other incompatible element data 
has been further manipulated by normalisation agains estimated prim­
ordial mantle abundances, the hyg plot of Wood etal (1981). The 
most significant feature of this is the level of Ta and Nb relative 
to the other elements. Alkali lavas and E-type MORE show a peak in 
these components (Wood et al 1979b,Wood et al 1981) while normal 
(N-type) MORE has a gentle curve rising towards the less incompatible 
elements (Eu, Ti, Tb, Y see fig. 3-14).
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T16 T22 T32 T24 T25 T26 TIO T31 T13 T15
Zr 59 212 143 331 208 492 223 281 48 47
La
on 3 9 .3 102.1 4 5 .4 179.7 88.7 191.2 102.9 112.1 66.1 72.3
Ce /Yb 
cn cn 2 .4 4 .8 2 .7 16.17 4 .9 22.2 8 .5 8 .9 6 .6 7 .9
La /Sm 
cn cn 1 .9 2 ,3 1 .5 2 .7 2 .2 2 .7 3 .3 3 .7 2.1 2 .2
Tb /Yb 
cn cn 1 1.4 1 .3 2 .8 1 .5 3.1 1.5 1 .3 1.7 1 .8
Ti 7224 19154 16426 18405 18524 17146 4496 4676 6894 7704
Hf/Ta 4 .2 7 .8 4 .1
T A B L E  3 - C
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Conversely, the Sygnefjell Greenstones show a general decline in values 
towards the less incompatible elements, and a marked trough at Ta and Nb 
(fig. 3-15). This accords with their sub-alkali nature as already 
deduced from trace element data, and markedly decreases the possibility 
of a mid-ocean ridge origin. Calc-alkaline basalts do conventionally 
show such a depression at Ta and Nb (Saunders and Tarney in press and 
fig. 3-14) but have already been eliminated on the basis of their 
major and trace element abundances.
This leaves intraplate tholeiites and for these comparable hyg plots 
are not available in the literature. For oceanic intraplate tholeiites 
this is easily overcome as a considerable number of comprehensive 
chemical analyses have been published, particularly from Hawaii, and 
these can be recalculated following Wood et al (1979b). Light REE 
enriched tholeiites from Hawaii are presented in this form in fig.3-14 
They show a pattern similar, but with lower overall abundances, to that 
of E-type MORB, differing from alkalic island lavas in having a less 
marked decline towards the less incompatible elements (Wood et al 1981 
and fig. 3-14). The peak at Ta is clearly different to the form of 
the Sygnefjell Greenstones.
The light REE enriched tholeiites of the Karoo Province present more 
of a problem in their comparison. The relatively few chemical analyses 
have been limited in scope. A.D. Saunders (pers. comm. 1982) 
believes them to have a similar pattern when normalized tn estimated 
primordial mantle abundances to that of calc-alkaline lavas- i.e. Nb 
and Ta depletion and lower values for less incompatible elements.
This seems confirmed by the plots of fig. 3-14. Taken from the data
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of Cox and Jamieson (1974), the most comprehensive available, enough 
elements can be recalculated to show a distinct drop at Nb. To 
conclude, the REE patterns of the Sygnefjell Greenstones are very 
distinctive, and when taken in conjunction with the hyg plot seem 
attributable only to an origin as continental tholeiites. It is 
noted that continental tholeiites of the Deccan Plateau Basalts 
also show light REE enriched patterns (C. Turner, pers comm. 1982) very 
similar to those described here from Sygnefjell.
Such a continental origin may help to explain the rather obscure pattern 
displayed by the greenstones on the triangular Th vs Hf vs Ta discrimin­
ation diagram of Wood et al (1979c) shown in fig. 3-16. The 
Sygnefjell Greenstones plot marginal to the field of E-type MORB and 
tholeiitic within plate basalts (but note that the description of these 
fields included no analyses from the chemically unusual Karoo basalts). 
With increasing Ce :Yb they show a rise in the HflTa ration and a 
decrease in overall levels of Th and Ta. Such a variation was ascribed 
by Wood (1980) to the contamination of continental basalts during 
their passage througha granulitic basement. Granulites have much 
higher Hf:Th and Hf:Ta and Lower Th and Ta abundances than mantle derived 
within plate basalts. As the amount of crustal contamination increases 
the analyses migrate towards the Hf corner.
3.6 GEOCHEMICAL COMPARISONS AND CORRELATIONS
The belief of some workers (e.g. Landmark 1949, Bryhni 1980) that much 
of the "greenstone" outcropping within the north-west marginal overthrust 
zone of the Jotun Nappe represents mafic orthogneiss derived by the 
tectonic degradation of crystalline nappe rocks has already been
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mentioned. From field evidence this work advocates that such 
gneiss, while present, and tectonically interleaved with, is sub­
ordinate in proportion to greenschist facies continental lavas.
To test this hypothesis geochemical data from the rocks regarded 
as meta-volcanic will be compared with that from structurally 
interleaved and visually similar Mafic Gneisses. Note will also 
be made of element abundances in the Dyrhaugan Gneisses underlying 
the Lower Greenstones (which may form part of the basement over 
which the volcanics were extruded) and of monzonites, becoming 
mylonitized, believed to form part of plutonic 'bkirt" rocks to the 
Jotun Nappe (Battey and McRitchie 1973). Further, correlations 
between the Sygnefjell Greenstones and similar units in adjacent 
areas will be suggested.
The spread of most major element data (e.g. AFM plot, fig. 3-4, or
CIPW norms, fig. 3-3, for the greenstones is similar to that of the 
three samples of Mafic Gneiss, T24, T25 and T26. It is apparent 
that amongst these T25 deviates from the other two (alkali/silica 
diagram fig. 3-2 CIPW norms fig. 3-3). The Dyrhaugan Gneisses
underlying the Lower Greenstones are felsic, and this is reflected
in the former in their CIPW normative mineralogy (q norm, or high 
levels of or, an and ab) and their siliceous and alkalic nature 
(Fig. 3-2)
The distinction of the Mafic Gneiss samples T24 and T26 is confirmed 
in several incompatible element variation diagrams (figs. 3-17 to 3-20)
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where the pattern of variation and overall abundances of the greenstones 
lies away from that of these two specimens, which are more comparable 
(e.g. in Nb/Y levels, fig. 3-17) to the Dyrhaugan Gneisses. T25 
consistently occurs near a best fit variation curve for the greenstones.
The most siginificant distinction between the Mafic Gneisses and the
greenstones is in their REE composition. Ce^ :^Yb,„ ratios, reflecting
light REE enrichment, for the greenstones vary from 2.4 to 4.8. In
the mafic gneisses the values are 4.9 for T25, 16.9 for T24 and
22.2 for T26 (Table 3-C). This is graphically shown in fig. 3-13,
where T24 and T26 plot well away from the greenstones, indeed matched
in their degree of light REE enrichment only by an extremely
fractionated nepheline mellilite from Hawaii (other continental alkali
andésites can also reach this level of enrich-ment, Zimmerman and Kudo
(1979). These two samples also differ in having Tbc„:Ybt„ ratios higher
than La^ „:Smc„ indicating stronger heavy REE fractionation (table 3-c fig 3-21) 
Conversely, T25 is similar to the greenstones in these repects, although
it does show a marginally higher Ce^ :^Yb^ , ratio.
Thus the specimens.T24 and T26 of Mafic Gneisses underling the Upper 
Greenstones show incompatible and rare earth element patterns clearly 
distinct from those of the greenstones. Their incompatible element 
variation is more comparable with the Dyrhaugan Gneisses (fig. 3-17 
to 3-20). Unfortunately no REE analyses of these rocks are available 
for comparison, but the REE patterns of monzonites believed to from part of 
the Jotun Nappe skirt rocks, at Krossbu (G.R. 48512708 Fig. 3-22),. 
and meta-gabbroi.c rocks belonging to the Basic Gneiss Complex,
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are somewhat different, with lower overall abundances and lower Ce :Yb 
ratio, although this is still notably higher than in the greenstones 
(table 3C and fig. 3-13), even when the gabbro is strongly sheared and 
takes up a fine, mafic foliated appearance. These facts would seem to 
rule out the possibility of either the Mafic Gneisses (if as is suggested 
their origin is in the main meta-gabbroic) or the monzonites of the 
Jotun Nappe being genetically associated in their intrusion, or forming 
a parent for, the meta-volcanic suite now preserved as the Sygnefjell 
Greenstones. If this were the case the REE pattern of the greenstones 
and plutonics would be similar, if they represented the same liquid 
composition, or the greenstones would be more strongly light REE enriched 
if they were fractionates. Similarly any cumulate input to the plutonics 
would increase heavy REE abundances and therfore lower Ce :Yb ratios 
(fig. 9 of Saunders et al 1979). The presence of high Ce :Yb values 
and absence of a positive Eu anomaly (fig.3"22), suggests that the 
nappe monzonites and Mafic Gneiss parent gabbro do represent liquid 
compos itions.
There is similarly in almost all chemical features between specimen 
T25 of Mafic Gneiss and those of the greenstones, and a marked difference 
with the other gneiss specimens. The reasonable hypothesis that this 
represents a dyke, possibly associated with the greenstones(as T15 appears 
to be), now sheared into parallelism with the broad banding of dark 
gneisses of which it is one of the finest and most mafic, components, 
cannot be otherwise tested but is compatible with the field evidence.
This work is one of several that have noted the presence of putative 
meta-volcanic rocks along the northwest margin of the Jotun Nappe. Of 
particular interest are the greenstones described along the strike
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northeastwards from Sygnefjell by D. Twist (pers. comm. 1979), those 
in Holleindalen (Elliott and Cowanl966), the Turtagro Meta-volcanics 
(Banham et al 1979) and the greenstones mapped in Lustrafjorden and 
Fortundalen by Lutro (1979).
The examination of major (Elliott and Cowan 1966) and trace (Elliott and 
Harvey 1980) element data led these workers to suggest that the Holleindalen 
Greenstones were tholeiitic lavas erupted in a back-arc basin. Proportion 
of Y is higher, and FeO, P205, Sr and Rb lower than the Sygnefjell 
Greenstones. Chondrite normalized REE plots show a flat to light REE 
depleted form (P.H. Banham, pers comm 1982, from unpublished data), 
again very different to those of the Sygnefjell Greenstones. The latter 
lie much higher in the tectonic succession, underlying the nappe skirt 
rocks. This is a similar position to the greenstones of D. Twist, which 
he also believes to represent altered volcanic rocks, with a continental 
origin suggested by geochemical analysis (D. Twist pers comm 1979). 
Correlation of the two groups on the basis of structural level and geo­
chemistry seems warranted.. The Turtagro Meta-volcanics (Banham et al 
1979) are also believed to be part of this tectonically disrupted unit, 
being separated from the Sygnefjell Greenstones only by the overlap of 
a single thrust plane (Banham and Gibbs 1979 G.R. 390239).
Lutro (1979) has mapped two greenstone bodies at the head of Lustrafjorden 
(G.R. 275180 and 300185) , and the presence of pillow structures in these 
was demonstrated to me by A.D. Gibbs and P.H. Banham in 1979. They 
outcrop close to, or abutting against, basement. This affinity to
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the Holleindalen Greenstones is substantiated by almost identical
REE patterns, flat or with slight light REE depletion (P.H. Banham
pers comm 1982, from unpublished data). A tentative correlation between
the two is suggested. If this is so their path across Sygnefjell may be
marked by the feldspathic (tuffaceous?) greenstone horizon at the Storevatnet
Dam (G.R. 443300), although this is separated from basement by a substantial
thickness of meta-arkose.
Away from the north-wast margin of the nappe meta-volcanics are rarely 
seen in conjunction with thick meta-arkoses (sparagmites) as on Sygnefjell. 
Saether and Nystuen (1981) defined a 5-30m thick extrusive basalt 
underlying the Moelv Tillite of the Hedmark Group in the Osen/Roa nappe 
complex east of Jotunheim. Major element analysis indicated it to have 
an alkalic nature.
In the Sarv Nappe of Sweden, Stromberg (1969) has described a dyke swarm 
intruded into rocks correlated with the upper part of the Sparagmite 
(Hedmark Group) succession. This thrust sheet is believed to extend, 
in spite of a general thinning, westward to become the Kvitvola Nappe of Norway, 
underlying the Jotun sole thrust in Gudbrandsdalen (Strand and Kulling 1972) 
and perhaps extending north-wards into Trondelag (Gee 1977). Further,
Iversen (1981) reports the mapping of the Kvitvola Nappe from the southeast 
to the northwestern margin of the Jotun Nappe at Vaga. This rather 
tenuous link is not substantiated by the nature of the intrusive rocks.
The Kvitvola Nappe contains few of these, and the association on Sygnefjell 
of interlayered greenschists and meta-arkoses towards the top of a 
relatively massive greenstone succession is not comparable with the dyke
133
complex of the Sarv Nappe. Similarly geochemical analyses of basic rocks 
from this sheet (Stromberg 1969) show significant differences to those from 
the Sygnefjell Greenstones, with lower Ti02, total Fe, K20 and Sr and 
higher CaO and MgO. Thw two groups are differentiated on plots involving 
these elements e.g. the AFM diagram of fig. 3-4.
3.7 CONCLUSIONS
Several major and trace elements in the Sygnefjell Greenstones show 
variation which is related to mobility during metamorphism. Nonetheless 
the establishment of fractionation trends, using FeO:MgO as an index, and 
the ratio of Y to Nb, define the rocks as tholeiites. They are distinct 
from calc-alkaline tholeiites Within this classification the Lower 
Greenstones show a more alkalic CIPW normative mineralogy, and less iron 
enrichment on an AFM diagram.
Ti,Zr and Sr are greater in proportion than is usual for tholeiites, the 
latter due at least in part to metamorphic mobility.
Chondrite normlized REE plots show a light REE enriched trend. Incompatible 
element normalization against estimated primordial mantle abundances show 
a depression at Ta and Nb. These patters of variation were compared to those 
in tholeiites of known tectonic setting and showed closest similarity with 
those of the Karoo province of continental basalts. These also have the 
high levels of Ti, Zr and Sr of the Sygnefjell Greenstones. The possibility 
that the parental lavas of the greenstones were contaminated by a granulitic 
basement is raised by the relative variations of Hf, Th and Ta.
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The dyke T16 is similar in all respects to the Lower Greenstones which 
overlie the Dyrhaugan Gneisses in which it is found. It may have been 
a conduit for the lavas.
Mafic Gneisses intervening between the Upper and Lower Greenstones show 
a very different REE chemistry to the greenstones, despite visual 
similarity due to tectonic convergence, except for one of the three 
samples which may be a sheared basic intrusive to the orthogneisses.
The possibility of a genetic association between the meta-basalts of the 
Sygnefjell Greenstones and either the Mafic Gneisses or the monzonites 
of the Jotun Nappe is dismissed.
A correlation is suggested of the Sygnefjell Greenstones,Turtagro Meta- 
Volcanics (Banham et al 1979) and greenstones mapped by D Twist in 
Boverdalen on the basis of geochemistry and tectonostratigraphic position. 
Similar grounds are used to differentiate a second group of greenstones 
lying closer to the basement as tectonic pips from Lustrafjorden to 
Holleindalen. Meta-basaltic rocks seen within meta-arkosic successions 
to the east of Jotunheim are geochemically distinct.
3.8 CHAPTER APPENDIX
Subsequent to the completion of this chapter Dr. R.B. Elliott of 
Nottingham kindly supplied unpublished major and trace element analyses of 
rocks believed to be correlable with the Sygnefjell Greenstones. These 
new analyses are from two sequences of putative metavolcanic rocks - 
from speciments collected along the Skaalavatn road (see fig 3-1) and 
from the Turtagro Metavolcanics of Banham et al (1979). The former 
nre shown by Banham and Gibbs (1979) to be a direct strike continuation
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of the Sygnefjell Greenstones, and the possible correlation of the latter 
has been previously mentioned (section 3.6). Brief comment will be made 
of these data.
In fig. 3-4 they are plotted on an AFM diagram. Both the Skaalavatn and 
Turtago new analyses show a bimodal . districution - one grouping is broadly 
coincident with the Sygnfjell Greenstones, the other is higher in alkalis 
Two hypotheses may explain this:-
(i) The less basic rocks are not present on Sygnrfjell, either as a result 
of primary variation between this and the areas to the southwest or 
because of tectonic removal of these parts of the sequence. Both of 
these appear to be unlikely in view of the closeness of particularly 
the Sygnefjell Greenstones and the Skaalavatn section.
(ii) Sampling bias - I only took specimens for geochemical analysis of the 
finest, darkest rocks. The rare felsic (alkalic) members of the 
Sygnfjell Greenstones, while noted, were not collected.
Fig 3-6 shows differentiation trends of the basic members (from fig 3-4) 
of the Elliott data. They display tholeiitic trends comparable with those 
of the Sygnefjell Greenstones.
A similar comparison can be made on the tectonomagmatic discrimination schemes 
of figs. 3-8 and 3-10. In fig. 3-8, Ti Zr Y (Pearce and Carr 1973) 
the new analyses plot in the fields of within - plate basalts and that occupied 
largely by mid-ocean ridge basalts. Orr the Ti vs Y :Nb diagram (Floyd and
Winchester 1975) of fig. 3-10 they plot closest to the field of continental 
tholeiites.
Dr. Elliotts new data therefore displays a wider range of compositions 
than the Sygnefjell Greenstones, but this probably reflects the sampling bias; 
more basic members of the Turtagro Metavolcanic and Skaalavatn sequences 
are geochemically similar to the Sygnefjell Greenstones.
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CHAPTER 4 
"SYN-METAMORPHIC" DEFORMATIONS
4.1 INTRODUCTION
All units in the area mapped have undergone polyphase deformation. Six 
phases can be recognised which have effects throughout the tectonostrati­
graphic sequence, designated to D^. Another phase, D early, can be 
shown to pre-date D.^ in orthogenesis of the Jotun Nappe. Each phase has 
a broadly consistent and characteristic style and trend, relative ages 
being deduced from evidence of the deformation of one stylistic grouping 
by members of a later one. The deformation sequence and associated 
notation is summarized in table 4-A.
During D early to D^ the Sygnefjell rocks were transported to their
present position and underwent pervasive deformation which determined
their gross metamorphic and structural state; subsequent events (D^  to D^)
brought about little alteration in this. The contrast between these two
series provides a convenient subdivision of the deformation sequence which
will thus be described under two chapter headings:- Chapter 4 - "Syn-
metamorphic" deformations (D early to D^) and chapter 5 - "Post-metamorphic"
deformations (D^ - D^). This subdivision is for ease of description only,
and it should be noted (i) that D„ and D,_ are associated with the4 b
crystallization of minerals characteristic of the lower greenschist facies 
of metamorphism (chapter 7) and (ii) that all deformations (D early excepted) 
are believed by the writer to be a sequential response to a single event, 
the Caledonian orogenesis which culminated in the overthrusting of the 
Jotun Nappe.
Descriptions of fold attitude and geometry follow Fleuty (1964). The
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notation of strain axes is that of Ramsay 1967; X>Y>Z. Stereograms 
are lower hemisphere projections onto a Lambert equal area net.
4.2 EARLY DEFORMATION PHASE (D EARLY)
Evidence for this event was found only in the Basic Gneiss Complex.
Refolded around the noses of the earliest identifiable folds is a 
banding (S early) of alternating mafic and felsic laminae, these usually 
< 1 cm thick. An example is shown in plate 4 - 1 .  This must be a 
tectonic banding because the parent lithology to this unit is an (unbanded) 
igneous rock complex (section 2.6.2). The original minerals defining 
S early have largely been lost during later deformations (D.^ and D^) although 
under the microscope relic phases of the D early metamorphism (M early) 
can occasionally be identified (chapter 7) and S early discerned in 
helicitic amphiboles (plate 7-1). No mesoscopic D early features other 
than the refolded banding were discerned. In chapter 7 it is argued that 
the D early/M early event is of pre-Caledonian age.
4.3 DEFORMATION PHASE ONE (D^ )
4.3.1 D^  FOLDS (F )
The earliest folds recognised in the Sygnefjell area are small, isoclinal 
or tight structures refolding S early in the Basic Gneiss Complex and 
relict bedding in metasedimentary rocks. They are coplanar and almost 
coaxial with structures of a later phase (F^ ,) of tight to isoclinal folding 
and therefore distinguishing the two on the basis of style and orientation 
is not possible. They can be separated with certainty only where they are 
seen refolded by F^, this usually creating type 3 interference patterns
Fold Cleavage L inca t ion
5  e a r ly M earlyD e a r ly
M 2
M3
Structural notation used in this work
T A B L E  4 - A
i4o
Plate 4-1. Basic Gneiss Complex, GR 4-758 24-99.
Amphibolitic gneiss showing Class 3 refold. View SE,
Plate 4-2. Mafic Gneiss, GR 44o6 2720. 
licitic pod containing S^ foliation enwrapped by 82. View S.
l4 i
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(Ramsay 1962), both generations being isoclinal (plate 4-1 and 
fig 4-1). Less commonly intrafolial "swan necks" are seen refolded by 
(fig 4-2). These tend to be small, and tight rather than isoclinal.
The plunge of F^ is difficult to meaure, but this was accomplished in 
a few examples; they plunge in the southeasterly quadrant at about 30° 
(fig 4-3). The axial planes of F^ are coaxial to those of refolding F^  
dipping at a shallow to moderate angle southeastwards. The surprising 
consistency of F^ plunge may reflect that the majority of measurements 
were taken in one unit, the Basic Gneiss Complex where F^  is most commonly 
seen. In the supracrustal allochthon F^ (like the coeval metamorphism 
- chapter 7) is only rarely identifiable, at three localities (e.g.
Or 4625 2950 in the Krossho Formation a type 3 refold). In some examples 
of type 3 refolds the axial plane trace of F^ can be followed for more 
than a metre, but first folds on a larger scale than this have not 
been identified. This may be partly due to selective recognition of them 
only where refolded. However, reconstruction of the section of 
Vassenden (fig 4-9) suggests that at this locality at least, no large 
Fj^ structures are present.
4.3.2 SCHISTOSITY (S^)
A schistocity, S^, develops axial to F^ isoclines and overprints the S 
early banding. This can not be demonstrated in every case but fig 4-1 
shows the relationship well; refolded S early mafic laminations in the 
nose region show an alignment of platey amphiboles axial planar to 
- this is, S^, at a high angle to S early, In F^ limb regions S early 
and are coplanar. Figs 4-1 and 4-2 show a later schistosity, , axial 
planar to F^, and partially overprinting . The refold geometry constrains 
Sg to be sub-parallel to both S early and (except in fold noses). In 
the Jotun Nappe orthogneiss from which these examples are taken three
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roughly coplanar fabrics therefore develop during D early, and 
metasedimentary rocks S early is absent but bedding forms a primary (pre»-S^ ) 
fabric coplanar with and S ^ .  These relationships are diagramatically 
shown in fig. 4 - 4 ,  Unequivocable separation of the three fabrics is not 
usually possible in the field, but rather they arc composite, reinforcing 
one another, and given the general notation SC.
However r. icroscopic examination has revealed S early, 3^  
and to have developed different metamorphic grades
and to be characterized by often different mineral assemblages; see 
Chapter 7 for a full account. This often allows the separate fabrics to 
be identified in thin section, especially in basic meta-igneous rocks which 
have a chemistry conducive to the production of distinctive mineral assemblages 
Plate 7 - 1 is a photomicrograph of epidote-amphibolite facies S^/M^ minerals 
enveloping relics of S early. In this way S^  is proved to be only weakly 
overprinted by in much of the peripheral orthogneiss of the Jotun Nappe 
(often being the dominant fabric) while evidence of it is rarely found in 
the supracrustal nappes.
4.4 DEFORMATION PHASE TWO (D )
4.4.1 INTRODUCTION
Strong compressive stresses during the second phase of deformation are 
evidenced by common and widely distributed tight folds and boudins. D^ 
folds are similar in style and almost coaxial with those of F^. Earlier 
fabrics are reinforced or overprinted by a new schistosity (S^) and associated 
rodding lineation.
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4.4.2 Dg FOLDS (F )
D^ folds (examples are shown in figs. 4 - 1 and plate 4 - 4 )  are tight to 
isoclinal with southeasterly plunges and axial surface dips. The plunge 
maximum is at 26° to 133° (fig. 4 - 5 ) .  Definition of the profile geometry 
by the construction of dip isogons. and interpretation of the change in limb 
thichness away from the hinge (Ramsay 196?) shows the fold style to vary 
from near-parallel to near similar (fig. 4 - 6 ) ,  mostly the latter. Parallel i 
style layers can generally be inferred to be relatively competent e.g. the 
quartzo-feldspathic layer in fig. 4 - 6(a).
The fortunate preservation of sedimentary structures in the Vassenden 
Conglomerate (section 2.4.2) allows the deduction of F^ facing direction.
The interbedded sandstone and conglomerate sequence at Vassenden (GR 54003 780) 
is the right way up and contains a penetrative cleavage (S^) axial planar to 
minor F^ and of shallower dip than bedding (plate 2 - 7 ) .  Both surfaces dip 
south and their intersection (derived from a stereogram because the coarse, 
diffuse, bedding precludes the formation of an intersection lineation) is 
broadly NE - SW (fig. 4 - 7 ) .  The major F^ fold, of which Vassenden lies 
on a limb, would thus appear to face downwards to the southeast, the conclusion 
reached by Roberts (1977). However, as shown in fig. 4 - 8  (simplified from 
map 2), to the northwest both bedding and cleavage become refracted around 
a major synformal closure of D^ style and trend (i.e. F^) which is itself 
truncated by a basal fault, A simplified block diagram (4 - 9a) shows 
Vassenden to lie on the overturned (i.e. de-inverted) limb of the major F^ .
From a knowledge of D^ fold geometry (section 4.5) the effects of faulting 
can be sequentially removed. F^ now proves to face upwards to the northwest. 
This implies that removal of F^ would return bedding to the right way up and 
therefore there is no evidence of large earlier folds (i.e. F^). Although
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Plate 4— 3* Mafic Gneiss, GR 46l3 2776.
Dg fold with houdinaged limbs and parasitic crenulations. View S,
Plate 4-4. Basic Gneiss Complex, GR 4471 2608.
Gabbroic orthogneiss, with a more competent layer forming a boudin 
train ( above hammer ), View S.
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the major fold closure was not seen in the field the position of the 
axial plane trace can be determined from the geometry of bedding 
intersections. The consistency of this over a broad area (fig. 4 - 8 )  
indicates the associated to be large, with an axial plane trace 
persisting for at least 3 km. Elsewhere on Sygnefjell such fabric 
evidence is not preserved and F^ cannot be traced for more than a few 
tens of metres.
Where the two phases develop together F^ is seen to refold earlier isoclines 
of D^, which are almost coaxial, the divergence of hinges being <10°.
The difficulty of distinguishing F  ^ and F^ in the absence of refolding 
evidence has been referred to in section 4.3. In view of the apparent 
scarcity of such refolds, the greater size and number of F^ where they are 
seen, the association of F^ with the pervasive cleavage and lineation of 
the area and the Vassenden evidence of F ^ absence it is concluded that F^ 
predominates over F.^ . Nonetheless it is probable that some folds assigned 
here to F^ are of F.^ age.
4.4.3 Dg CLEAVAGE (S^)
F^  has an axial planar cleavage, (figs. 4 - 1 and 4 - 2 ) .  This is a 
penetrative cleavage (plates 4 - 9  and 4 - 12) with a slight fan of a few 
degrees across the fold. Microscopic analysis shows to be defined by 
the alignment of platey minerals. These are mostly micas (plate 7 - 3 )  
which transect amphibolitic when it is preserved in fold noses, or 
completely replace it so that F^ closures are marked by the refraction of 
a relict (S early or bedding) compositional banding with no parallel 
mineral fabric - fig. 4 - 2 .  In the more general case (on F^ limbs) 
can be discriminated from coplanar S early and because lower grade
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FIG 4—9 Reconstruc tion  of Fp facing in the Vassenden Conglomerate
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(greenschist facies, , see chapter 7) minerals crystallize within it.
Sg can in this way be proved to be the dominant component of composite 
SgC, the earlier phases surviving (if at all) as partially overprinted 
relics. The least intensive overprinting is in Jotun Nappe peripheral 
orthogneisses (Basic and Felsic Gneiss Complexes) while in the supracrustal 
sequence and basement, evidence of the earlier fabric is almost wholly lost.
A stereogram of poles to c has a maximum about a strike of 060° and a 
dip of 30° southeast (fig. 4 -10).
The Vassenden Conglomerate (section 2.4.2) is one of the few lithologies in
which an angular relationship exists between and an earlier component of 
S^c, in this case bedding (S early and being absent). strains measured
from the Vassenden Conglomerate are generally lower than those in lithologies 
in which and earlier fabrics are parallel (chapter 6) suggesting the
preservation of a perceptible angular relationship to be a function of strain.
Where strains are higher is flattened into, and reinforces, earlier fabrics 
to produce S^c. Rf<6 plots constructed from the measurement of deformed 
clasts in the Vassenden Conglomerate show the mean major and intermediate 
dimensional axes of the clasts to be within 2° of the trace of on any 
surface (figs, 6 - 3  and 6-4). This divergence is within analytical error 
and, although it may be geologically significant (Bayley 1974, Williams 1976), 
is taken (after Borradaile 1974) to indicate that the schistosity 
effectively defines the XY plane of the finite strain ellipsoid.
The generally penetrative nature of has been referred to above. However, 
in occaisional tight folds is contorted into parasitic microfolds 
which give the appearance of a crenulation cleavage, as in plate 4 - 3 -  
These structures result from an especially fine S^  lamination. During 
early increments of shortening along the layering finely laminated rocks 
produce microfolds which evolve into a crenulation-type fabric as thicker
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layers in the package of rocks begin to fold on a greater wavelength. 
In the case of plate 4 - 3  the wavelength of the larger folds must
be controlled by the thick quartzo-feldspathic layer.
4.4.4 SHEAR ZONES
Through broad tectonostratigraphic units the mesoscopic and microscopic 
textures of S^c are similar to those described in the literature as 
characteristic of mylonite zones; see chapter 8 for a full discussion.
This is the case both where is an important component of S^c (the Basic 
Gneiss Complex, section 8.4.2) and where S^ predominates (the Sygnefjell 
Meta-arkose, section 8.4.3) and in Chapter 8 these rocks are called regional
mylonites. However in the Jotun Nappe (and allochthonous gneisses possibly
correlatable with it) discrete zones of especially high shear strain (chapter 
6) are also seen. These appear, with few exceptions, to be a structure, 
this age being determined from the metamorphic grade indicated by new 
minerals crystallizing in such shear zones (middle greenschist facies, 
characteristic of and coeval with - chapter 7). That they were seen 
almost exclusively in the Jotun Nappe may partially reflect observational 
bias i.e. the ease of identification of shear zones in otherwise undeformed 
igneous rocks (plate 8 - 2) or orthogneisses with a close and distinctive
early fabric (fig. 4 - 11). Nonetheless similar pre-existing features
occur in the supracrustal rocks and the scarcity of shear zones here is 
believed to be genuine. The two examples previously cited, of plates 
8 - 2  and fig. 4 - 11, are of simple shear type and pure shear zones are 
also seen occasionally (plate 8 - 4 ) ,  The thickest shear zones are 
spatially associated with sub-parallel thrust faults (fault mylonite zones). 
The thrusts are later, cross-cutting the shear zone foliation and juxtaposing
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Plate 4-5* Igneous Complex, GR 235^*
Dg shear zone in monzonite. Surface dips about 60° towards observer. 
Transport right to left,View NE.
Plate 4-6. Nuffsvatni Gneiss, GR 4782 3026.
Mafic pod in intermediate orthogneiss, discordant to SgC foliation, 
Transected by pegmatite showing D£ boudinage which has later 
(during-D^) shortened. View SW.
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rocks of different metamorphic grade (see section 8.6.2), In the small 
fault mylonite shown in plate 8 - 3  the shear zone is of simple shear type.
On a larger scale, for instance the 20m thick shear zone overlying the basal 
thrust of the Igneous Complex (fig. 4 - 12) this mechanism can not be 
proved, but a similar process of ductile simple shear followed by faulting 
(as described by Sibson 1977) may be inferred both by analogy with the 
smaller structures and from the presence of narrow ultramylonitic bands of 
simple shear within the fault mylonites.
The dip of shear zones and their internal fabric is usually southeastwards
at a shallow to moderate angle but in the Igneous Complex, although the thick 
fault mylonites follow this trend, the attitude of small simple shear zones 
is less consistent; they are often steeply inclined as in plate 8 - 2. .
The Igneous Complex is little deformed and this variability of trend is
probably a primary feature. In both fault (plate 8 - 3 )  and simple shear 
zone mylonites (plate 4 - 5 ,  fig. 4 - 11), where shallowly dipping and with 
determinable displacement, the upper (hanging wall) block proves in most 
cases to have moved northwards.
Microfabric and geochemical changes within shear zones are described in 
Chapter 8.
4.4.5 LINEATIONS
(a) INTRODUCTION
The long axes of boudins, relict unsheared pods, sedimentary clasts and 
extended minerals define lineations produced during . All are approximately 
colinear, plunging southeastwards parallel to hinges and lying within, or 
close to, SgC.
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(b) BOUDINS AND UNSHEARED PODS
The limbs of D^ folds are often boudinaged. The boudins have long axes,
or show a direction to necking,that is parallel, or nearly so, to the hinge 
of the associated fold (fig. 4 - 15); the somewhat broad cluster of boudin 
plunges resolves to twin maxima about 24° to 137°, coose to (fig. 4-5).
The maxima lie just away from the mean S^c great circle which must reflect 
a generally imperceptible angular difference between S^ (the main S^c 
component) and the boudinaged fabric (S.^ or bedding). Only at rare localities 
(e.g. GR 4402 317) can more than one direction of boudin separation ("chocolate 
tablet" boudinage) be recognized. This suggests that in contrast to the 
sometimes extreme attenuation of F^ limbs in the direction of fold 
amplification (plate 8 - 4 )  the boudin long axes (and fold hinges) delineate 
a direction of little change in length during D^ deformation (fig. 4 - 15).
D^ boudins develop not only of early tectonic fabrics and bedding but in 
any pre-existing planar body approximately perpendicular to D^ maximum 
shortening e.g. the pegmatite of plate 4 - 6, or the pseudoconglomeratic 
quartz veins in plate 2 - 10. Usually they have a ductile appearance,
rounded with attenuated necks (plates 4 - 3, 4 - 4),but some lithologies
develop angular terminations (e.g. limestone lenses in the Vassenden 
Conglomerate, plate 2 - 11).
Structures common to all orthogneisses but most often developed in the 
Basic Gneiss Complex are relict pods of lower deformation. They vary in 
length from a few cm. to 150m. or more and preserve earlier features lost 
in the surrounding, more deformed rocks. Where these features are primary 
igneous textures and relationships they are useful for the determination of 
parent rock type (section 2.8.2). Occasionally an earlier tectonic fabric 
survives, such as the helicitic pod with S.^ , enveloped by S^, in plate 4 - 2 .
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Plunge of relict pods is similar to boudins, and some have evidently developed 
as boudins during the extension of a competent and originally continuous sheet 
(plate 4-4). The polyphase intrusive nature of the Basic Gneiss Complex, 
with many and variable lithologies, may account for the proliferation of 
pods within it. However often the pods are isolated and with gradational 
margins into the surrounding gneiss suggesting them to be equivalent rock 
types (plate 8-7).
(c) RODDING LINEATION (L^ )
Most lithologies show a mineral lineation, designated L . In orthogneisses 
from the basement and Jotun Nappe elongate rods of granular feldspar in 
particular define L a n d  this can be the dominant mesoscopic fabric (plate 
2-2), S^c wrapping around the rods in micaceous films. Meta-arkosic 
psammites from the supracrustal nappes show a flagginess along S^c planes 
and it is upon these that a fine quartz and feldspar lineation is seen 
(plate 4- 7 ) .  A contoured stereographic plot of demonstrates a tight 
cluster of plunges to the southeast, about a mean of 28° to 129°, in the 
plane of mean S^c and near coaxial to F^. In thin section minerals 
orientate into by ductile flattening, fracturing and rotation or blastic 
growth, accompanied in quartz at least by a preferred crystallographic 
orientation (chapters 7 and 8). This then is the direction of greatest 
Dg extension.
Within psammitic rocks discrete clasts are only discernible in grits (plate 
2 - 13) where the pebbles define . Elsewhere the origin of fine fibres 
on S^c surfaces (plate 2 - 7 )  is indeterminate, for they could be extended 
clastic grains or crystals within and about these. In the Vassenden 
Conglomerate this differentiation can be made, the surfaces of elongate
IN
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quartzite cobbles having a fibrous appearance, an expression of the 
prolongation of composite quartz crystals. The cobble long axes and 
mineral lineation are parallel. This concurs with the conclusion reached 
from microscope studies, and by many workers (e.g. Ramsay 1967, 1969,
Durney and Ramsay 1973, Stirewalt and Dunn 1973), that this direction 
represents the major axis of a finite strain ellipsoid (i.e. D^). Very 
rarely the plunge of L^  varies by 10 - 15° between subparallel S^c surfaces 
only a few centimetres apart, as in plate 4 - 7 ,  but normally its orientation 
is consistent and very close to that of hinges (plate 4 - 8).
A notable feature developed in suitable lithologies at a few localities is 
rodding with a greater intensity in fold closures than on the limbs. This 
is shown, for example, by feldspathic rods in flattened Igneous Complex 
Monzonite (plates 4 - 1 0  and 4 - 11) and quartzite clasts in the Vassenden 
Conglomerate (plates 4 - 1 2  and 4 - 13). In the latter example (on a 
joint surface approximating to the YZ dimensional plane of the cobbles) 
the ratio of long to short cobble axes varies from a mean of 1.7 in the 
nose to a mean of 3.2 on the limbs. The implications of this and other 
features upon the development of folds and lineation during are discussed 
in the next section.
4.4.6 THE RELATIONSHIP OF FOLDS AND LINEATION
(a) INTRODUCTION
The conspicuous transverse lineation (stretching lineation after Gunn et al 
1897 and Cloos 1946) developed in the marginal thrust belt of the Caledonides 
of Scandinavia and Scotland previously aroused controversy primarily over 
its relationship to the direction of thrust displacement (Phillips 1937,
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Plate 4-9. Basic Gneiss Complex, GH 4473 2604.
Granular feldspar rods defining parallel to F2 hinges. View S,
Plate 4-10. Basic Gneiss Complex, GR 484? 2335.
Monzonite sliver contianing Fp closure. Note flattening of feldspar augen 
on limbs; cf Plate ^Kll. View SE.
166
Plate 4-11 Basic Gneiss Complex, GR 4847 2333.
Close-up of hinge of fold in Plate 4-10; equant feldspar augen in 
nose contrast with those flattened in limbs. Both define colinear 
1"!. View SE.
Plate 4-12. Vassenden Conglomerate, GR 3408 3791.
2^ ’^old of conglomerate/psammite sequence; cf Plate 4-13. Note 
pancake shaped clasts in limb. View NNE.
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Plate 4-13. Vassenden Conglomerate, GR 3408 3791.
Close-up of p2 closure of Plate 4-12. Shows contrast in clast shape
between nose and limb regions of the fold ( narrow psammite band closes
on left edge of plate ). View NKE.
I'late 4-l4. Sygnefjell Meta-arkose, Krossho Formation, GR 4628 2846. 
Greenstone horizon showing fold, with axial planar quartz veins, 
refolding an F’2 isocline. View SE.
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Anderson 19^8, Kvale 1953, Turner 1957). Subsequent demonstration that 
the production of this lineation was neither coeval with the main phase 
of thrusting, (Christie 1963, Nickelsen 1967, this work) nor the correlation 
of the lineation with either a or b tectonic/kinematic axes absolute (Weiss 
1959, Ramsay I960, 1969, Skjernaa 1980, this work) has rather altered the 
problem.
In many areas of the Caledonides, and in erogenic zones elsewhere, this 
mineral lineation parallels the axes of tight folds often regarded as 
contmporary ( Runner 193^, Kvale 1953, Christie 1963, Hooper 1968, Bryant 
and Reed 1969, Sengupta 1977, Bell 1978). This is the situation pertaining 
for the second deformation on Sygnefjell, and leaves a question 
as to why the direction of greatest extension of 
Che Dg finite strain Qllipsoid, as represented by , should be 
perpendicular to the amplification (extension) direction of folds, as 
represented by the axia"' plane trace on the profile plane. This anomaly 
is shown diagrammatically by the comparison of figs 4 - 15 and 4 - 16.
(b) OTHER WORK
A number of hypotheses have been advanced to explain similar associations 
elsewhere and some of these are discussed below in the light of the geometries 
of structures described previously
(i) Grain rotation about fold hinges (inferred as the b tectonic and 
Y strain ellipsoid axes) after Fairbairn (1949). Grains elongating in X 
are moved in successive increments of deformation towards Z where they are 
shortened. Continuous elongation only occurs parallel to Y. That grains 
within Sygnefjell rocks have elongated by growth (as well as deformation) in 
the X axial direction, even in areas of little microscopic F^ folding rules
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this out as a possible mechanism. Fairbairn (1949) points out that the 
amount of rotation necessary for its potential operation is unlikely to 
occur. Broadly similar processes to this have been suggested by Runner 
(1934), Cloos (1946) and Wilson (1953).
(ii) Superimposition of oblate tectonic strain on an earlier planar fabric 
to give a composite prolate strain ellipsoid parallel to the hinge, following 
Ramsay ( 1967). A combination in this manner of the near coaxial and
finite strain ellipsoids was proposed to explain the structural relationships seen on 
Sygnefjell by Gibbs ( 1978) and Banham et al ( 19 79) . Fig 1 of Gibbs ( 1978) is reproduced 
in fig. 4 - 1 7  (a), showing the finite oblate D^  and strain ellipsoids 
combining to give a prolate fabric in F^ nose regions. Annotations of 
mine show the situation in F^ limbs with the superposition of the same 
strains; these areas should be characterized by an oblate finite strain 
ellipsoid with its X axis perpendicular to the fold hinge (fig. 4 - 17b).
Such a situation was described by Roy and Faersaeth (1981) in Lower 
Palaeozoic conglomerates south of Bergen. However, it is not the case 
for the deformation, the direction of plunge of rodding being consistent 
(where unaffected by later deformations) and parallel to that of F^- 
Nonetheless development of this model (Gibbs, pers comm 1980) may prove 
useful; the divergence in axial angle between F  ^ and F^ appears to be 
about 10° and this would produce slightly different geometries of composite
strain ellipsoids on opposing limbs of F^, as shown in fig. 4 - 17(b). 
This may explain the occasional divergence in between parallel planes 
(plate 4 - 8 ,  section 4.4.5) if these were on the opposing limbs of an 
F2 isocline, the difference in composite X directions giving a different 
orientation.
(iii) Talbot (1970) has shown that if, as a deformation initiates, its
(^1 and stress axes lie in the plane of a layering then during deformation
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folds will propagate toward the Y finite strain direction, and the 
X strain direction and fold hinges be colinear (fig. 4 - 18). Two 
factors militate against the production of structures by this process; 
firstly, under the stress regime of fig. 4 - 1 8  boudins should develop with 
long axes close to d  ^ , perpenicular to the fold hinge - boudins are 
parallel to hinges. Secondly the experiments of Watkinson (1975) show 
that folds propagating towards the intermediate strain axis during plane 
strain (as on Sygnefjell, chapter 6) are characterized by very low 
amplitude: wavelength ratios and show little thinning of limbs. Conversely
Dg folds have a large amplitude relative to wavelength and strongly 
attenuated limbs.
(iv) It has previously been stated, and is implicit in the two points 
above that the geometry of F^ is consistent only with propagation towards 
the direction of principal extension, the hinge and allied boudins originating 
along the Y strain axis. Present alignment of the features with must 
then be due to the later movement of one or the other. That the stress 
axes themselves could rotate through 90°, following tight folding, and 
then the lineation be imposed (Oleson 1971) is not further considered 
because of the inability of this sequence to produce the intimate 
structural relationships described earlier in this chapter, notably more 
strongly rodded F^ noses with a parallel and unimodal direction of mineral 
growth. In this case similar reasoning can be applied to dismiss the
notion of Ramsay and Sturt (1970) that pebbles, having become rodded will
tend towards parallelism with contemporary fold hinges, the "position of 
least energy dissipation".
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(C) PREFERRED MODEL
The considerations in (iv) above lead to the conclusion that F^ hinges 
have moved towards L^  during D^ progressive deformation. A mechanism to 
accomplish this was suggested by Escher and Watterson (1974); at high 
strain (during pure or simple shear (Bell 1978), all linear features tend 
towards pseudoparallelism in the direction of maximum finite extension.
This manner of rotation of fold axes, initiating close to the Y strain 
axis but reorientating towards X with progressive deformation has been 
widely applied to interpret parallelism of stretching lineation and 
contemporary folds in areas of shearing and overthrusting (e.g. Bryant and 
Reed 1969, Soper and Wilkinson 1975, Sengupta 1977). Such a mechanism 
was also invoked by Roberts (1977) to explain the distribution of early, 
tight fold hinges in the north-west marginal thrust zone of the Jotun 
Nappe. These folds, from his description the equivalent of my F^ (plus 
F^  and perhaps some tight F^ - see on), formed two clusters either side 
of the stretching direction towards which they had moved during deformation 
This work reaches a similar conclusion.
(D) EVIDENCE FOR PREFERRED MODEL
Irrefutable evidence in support of this is not available. Ideally F^ 
trend would be traced continuously as it refracted from areas of provably 
lower to higher D^ strain. Unfortunately, D^ effects, such as the broadly 
developed mylonitic S^c fabric suggest strain to be uniformly rather high, 
with Fg having rotated almost everywhere into parallelism with L^.
Strain markers and discrete D^ shear zones are uncommon, and the latter 
normally in meta-plutonic rocks with few other D^ structures. Nonetheless
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some otherwise anomalous features of D substantiate this as the favoured 
model.
(i) As noted previously and boudins must be reorientated through 
90° if the strain axes compatible with their style (fig. 4 - 15) are to
coincide with finite strain axes (fig. 4 - 16).
(ii) fold plunges and boudins at Vassenden are more variable in 
orientation than elsewhere, the latter especially near to a NE - SW inter­
section of bedding and cleavage (fig. 4 - 7 ) .  The preservation of 
oblique and S^, and measurements from the consistently rodded (L^)
cobbles show strain to be low relative to that in much of the area mapped 
(chapter 6). These observations may be related, shearing at Vassenden being 
insufficient fully to rotate folds and boudins, which are closer to their 
original axial trend parallel to the length of the thrust belt.
(iii) Examination of whole area contoured stereographic plots reveals 
boudins to show the greatest scatter, with twin plunge maxima (fig. 4 - 13) 
either side of L^, which has the least scatter (fig. 4 - 14). is
intermediate (fig. 4 - 5 ) .  In a single deformation sequence involving the 
development of these structures, boudins post-date folding. They may 
therefore be expected to show (e.g. as at Vassenden) less relative movement 
towards and a greater spread of orientations.
(iv) Roberts (1977) noted a marked obliquity (about 10° in azimuthal 
direction of plunge) between early tight folds and the stretching lineation 
along a lengthy traverse of the northwestern boundary of the Jotun Nappe, 
including Vassenden. These early folds form a girdle split about the 
stretching direction. Within the area mapped by the writer boudins show 
such a distribution but early (F^) folds do not. This may be explained 
within the model proposed if the marginal decrease in strain along strike 
from Sygnefjell to the northeast (Vassenden) and southwest noted in this
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work (chapter 6) continues regionally to give incomplete rotation 
of contemporary folds towards sretching lineation over the remainder 
of the marginal thrust belt to the Jotun Nappe.
The writer believes reorientation towards to have occurred 
because of the ability of this hypothesis to explain the features 
above. Both theoretical analysis and field description suggest 
that during this process folds can either maintain cylindricity and 
rotate as lines (Bell 1978), or can become strongly non-clindrical 
sheath-like structures (Rhodes and Gayer 1973) or both (Mattauer 
et al 1981). This variability is a function of the shape of the 
finite strain ellipsoid (oblate or prolate, Nicholas and Boudier 
1975), the type of deformation (pure or simple shear, Cobbold and 
Quinquis 1980) and the original attitude of the fold hinges with 
respect to the strain axes (Sanderson 1973, Roberts and Sanderson 
1974).
The rotation of F^ during progressive strain could therefore 
have taken place either with the folds becoming prolongated sheaths 
or maintaining broad cylindricity and moving as passive lines. The 
latter interpretation is favoured because-
(i) F^ is observably near cylindrical and the "augen" structures 
which typify sheath fold regimes (Cobbold and Quinquis 1980) are 
not seen.
(ii) F^ plunges show a unimodal distribution, whereas a bimodal 
distribution would be expected if they had a sheath-like form, as 
shown by Sanderson (1973).
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(e) ARGUMENTS AGAINST THE PREFERRED MODEL.
The main argument against the acceptance of this hypothesis is the 
amount of strain necessary to produce the large rotations implicit 
within it. D^ fold axes would not initally be random lines, as in the 
diagrams or Escher and Watterson (1974) or Bell (1978), but would 
lie close to, or within, the S^ plane at a high angle to the direction 
of principal extension. Their rotation would be within this plane.
An expression giving the rate of rotation of a line upon a deforming 
plane is given in terms of the quadratic extension by:-
t a n O  =  Ramsay (1967) p 67
where 9 = the original angle between a line an X 
and 0 = the angle after an amount of deformation
deformation —^ -
The relationship is shown graphically in fig 4-19 for 4 lines initially 
at 60,70, 80 and 90° from X. The range of calculated Sygnefjell 
strains (chapter 6) is also marked and it is obvious that (except 
perhaps in D^ shear zones) this would not achieve the necessary 
rotation of F^ to bring it into parallelism with L^. Therefore 
if this graph even approximates to the actual rate of reorientation 
during D^, and the calculated strains represent true values of the 
D finite strain ellipsoid,then the hypothesis of fold rotation must
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be abandoned. However, most of these strain measurements are from 
the Vassenden Conglomerate where rotation is incomplete. That the 
axial ratios of cobbles in deformed conglomerates are rarely 
representative of the strain ellipsoid has been pointed out by Hills 
(1963) and a similar conclusion was reached by McAuslan (1967, 
p63) for feldspar porphyroclasts in meta-arkoses along strike from 
those at Sygnefjell. The deflection of around the quartzite 
cobbles (Ghosh and Sengupta 1973), the greater strain recorded in 
the slate clasts and the concentration of strain into sandstone units 
interbedded with the conglomerate (chapter 6) are all indicative of 
the competent nature of the conglomerate in general and quartzite 
clasts in particular.
Several workers have described the reorientation of fold axes, in 
the manner of the Escher and Watterson (1974) model, from zones 
of low to higher strain in situations where the area of reorientated 
folds contains strain markers (the "ideal" situation of section 
d)
(i) Sengupta (1977) noted a rotation of nearly 90° of fold axes 
into the Singhbhum shear zone, India. Conglomerates in the zone 
show pebble X:Y ratios of 1.13 to 2.91.
(ii) Johnson (1968) demonstrated fold rotation through 90° in areas 
of high constrictional strain where X:Y ratios ranged from 7:1 to 
29:1
(iv) The rotation of fold axes in the Moinean metasediments
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of Scotland into mylonitic belts has been recorded by Rathbone and 
Harris (1979). These workers calculated a shear strain ( i f )  of 
6 to accomplish movement through almost 90°. This corresponds to 
a strain ellipsoid X:Y ratio of 6:1.
(v) On the southeastern side of the Faltungsgraben Hossack (1978) 
infers the rotation of early recumbent folds through almost 90° 
to become sub-parallel to the direction of greatest extension during 
strains recorded in a quartzite conglomerate of mean = 1.6 to
1.7 i.e. within the range on Sygnfhell (fig 6-5).
All these works demonstrate large fold rotations in areas where 
measured strains overlap partially or wholly with those determined 
from Sygnefjell (chapter 6).
(f) SUMMARY. The model proposes that F^ originated with NE-SW 
axes, amplifying in the direction of maximum extension, towards 
which the fold hinges rotated passively as deformation progressed. 
That these strains are imposed on an earlier fabric (of or, 
at Vassenden, sedimentary) serves not only to explain the occasional 
slight divergence of (section 4.4.5) but also provides a mechanism
which could produce the variation in clast and porphyroblast shape 
sometimes noted between F^ limbs and hinges (section 4.4.5). At 
an early stage of this superimposition would produce a prolate 
fabric within and parallel to NE-SW F^ hinges, contrasting with a 
more oblate limb fabric elongating in the direction of fold 
amplification- the composite strain situation of fig
4-17. The hinge and integral prolate fabric would then rotate
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towards the extension direction as deformation progressed to give 
the present prolate fabric parallel to (that lineated pebbles 
would rotate in this manner was suggested by Gay 1966). Alternatively 
the hinge/limb fabric contrast could be imposed by flexural 
flow after fold hinge rotation into X (fig 4-20).
4.4.7 THE PRODUCTION OF S C
During D^ intense flattening produces tight and isoclinal folds with 
an axial planar cleavage which has mylonitic characteristics (chapter 
8) and reinforces earlier fabrics to produce S^c. Presently this 
dips at 30-35° southeastwards. Some D^ structures are indicative 
of simple shear:- simple shear zones and the association of bands 
of intense S^ with thrust faults, implying ductile simple shear to 
pass upwards into brittle faulting. Other D^ structures suggest a 
pure shear deformation regime - small pure shear zones, contact 
mylonites (chapter 8) and trains of symmetric F^. Microstructures 
and fabrics support a similar conclusion, that both pure and simple 
shear operated during D^ (chapter 8). This presents a problem 
as to which was the dominant mechanism. It if is simple shear then 
the S^c fabric could have originated in its present orientation, as 
part of a large simple shear zone with boundaries sub-parallel to the 
internal fabric, the model of Escher and Watterson (1974). Alternat­
ively should irrotationgl pure shear be regarded as the principal 
deformation mechanism then two possibilities arise:-
(a) S^c formed in its present reclined position, and 6 ^  was thus
l8o
30-35° from the vertical. The overburden required to accomplish 
this can only be envisaged as the weight of the overlying 
nappes- the metamorphic grade of S^c is greenschist/amphibo1ite 
facies, indicative of depths of greater than 15km (fig 7-7). This 
model was suggested for penetrative cleavage formation in rocks 
underlying the southeastern margin of the Jotun Nappe by Flinn 
(1961) and Hossack (1968, 1978). Two factors militate against 
this in the present work. Firstly nappe emplacement post-dates 
cleavage formation (section 4-5) and secondly the most intense 
development of S^c is not at the base of the sequence (the 
parautochthon) but towards the top, in the Basic Gneiss Complex.
(b) S^c originated at a steep angle as a response to horizontally 
directed NW-SE compression, and has since undergone rotation into a 
more reclined position. This is thought the more likely model if 
pure shear is the principal mechanism.
Thus S^c is believed to be produced either as a steep fabric, under 
pure shear, which undergoes later roation to a shallower angle, 
or within an initially shallowly dipping simple shear belt. This is 
an important distinction because in the former case the origination 
of S^c at a high angle suggests that the sub-parallel thrust faults 
which transport these rocks may also steepen at depth. The 
implications of these alternatives will be discussed in chapter 9.
1.8 i
4.5 DEFORMATION PHASE THREE
4.5.1 INTRODUCTION
The tectonic superposition resulting in the fundamentally inverted 
tectonostratigraphic succession in the Sygnefjell area (fig 2-1) 
occurred during deformation phase three (Dy). As a response to 
NW-SE directed principal compression this already deformed sequence 
of rocks shortened by both buckle folding of S^c along NE-SW 
axes and thrust faulting. The thrust faults strike NE-SW, cross­
cut SgC and most of the buckle folds, and form the bounding surfaces 
to most lithological groups.
4.5.2 D^ FOLDS (F^)
D^ folds show a wide variation in style and attitude. Typically 
they are asymmetric, close to open, northwest vergirg(and often 
overturned) with a steep, southeast dipping axial plane. A contoured 
stereographic plot (fig 4-21), reveals a plunge maximum at 17° 
to 076°, with a prominent sub-cluster to the south-west.
D^ folds are defined, and therefore pre-dated, by the S^c banding 
and where they develop together F^ (fig 4-22b and plates 4-14 and 
4-15), L^ (plate 4-16) and D^ boudins (plate 4-17) are also seen to
• «*
Fj fold hinges. N=747.
 ..— —- " ' o  Fblcs to SjclectvogeN=<22.
Whole area plot below contoured a t 1,3,5,7,9,11,13, 
IS, 17 X of total per I I  of a rea .
'  ----- Sjcicovogc contours
I ^ ---------F j h loge contours
I / ^  Mean L%
FIG 4-21
182
18:)
Plate 4-1^. Bovertun Meta-limestones, GR 4?2j 2 9 6 3 .
South-verging minor D3 asymmetric fold on steeply dipping forelimb of 
major F^ . Note axial planar veins. View W.
Plate 4-16. Sygnefjell Meta-arkose, Krossho Formation, GR 4613 2903. 
^Wgy psammite contorted by cylindrical F^ which refold L%. View NE,
j84
be refolded. Examination of stereograms of these early structures 
shows refolding effects to be limited. Within the forelimbs 
(steep, short limbs) of earlier linear features take on a 
steep northwards or southwards plunge. Poles to S^c define a 
great circle spread roughly coincident with the profile plane trace 
of mean (fig 4-10). Some of the spread of S^c and coeval lineations 
can also be ascribed to post-D^ events (chapter 5).
In size ranges from microscopic crenulations to structures with 
a half wavelength of 500m or more, a typical minor fold wavelength 
being in the range of l-2m. Approximate cylindricity on the scale 
of an exposure (up to a few metres - plate 4-16) appears to be 
contradicted by the bimodal plunge direction (fig 4-21) and often 
periclinal geometry shown on the map, e.g. around Rauskjoll (fig 
4-12). However the divergence of trends can be attributed to the 
effects of later upright folds (D^:- see section 5.4). The profile 
geometry of F^ mostly falls into class 1C of Ramsay (1967), having 
weakly convergent dip isogons, as in fig 4-22. This style constrains 
the folds to change amplitude in the direction of propagation, as 
shown in fig 4-22, dying out away from a zone of maximum amplification, 
as in plate 4-17 defined by the boudinaged pegmatite, which is 
having an obvious control on the fold wavelenth (Cosgrove 1976).
On the broad scale the effect of F^ is to separate S^c into alternately 
steep and shallow belts (limb outcrops) parallel to the strike, well
18'
Plate 4-17. Dyrhaugan Gneiss, GR 4482 2781.
D3 fold wavelength controlled by D2 pinch and swell structure. dies 
out along axial plane trace. Both ages of ductile structure are cut by 
later ( By ) clinochlore veinlets. View NE.
Plate 4-18. Basal Quartzite. GR 4326 3139.
Minor F^ with forelimb thrust paralleled by quartz veins. View E,
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FIG 4-22
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shown on the southern flank of the hill 1534 (GR 4465 2741. map 2).
The minor folds of fig 4-22 are all from the broader shallow limb 
belts, and show typical northwesterly vergence. In the steep, short 
limbs of vergence is normally southerly, showing the correct 
Pumpellian relationship, as in plate 4-15 and fig 4-23 (a). However, 
it is not uncommon to find northwesterly verging asymmetric folds on 
the steep limb of a larger structure. This is well shown on a small 
scale at GR 4524 2898, sketched in fig 4-23(b), smaller folds having 
been refracted with a constant sense of vergence around a larger, 
stylistically similar structure. AS shown theoretically by 
Ramberg (1963) and experimentally by Ghosh (1968) this situation can 
be produced in a single, progressive, deformation. After some 
shortening of a given lithological sequence (fig 4-24(a)) minor folds, 
nucleating on irregularities, form in the more finely banded or 
viscous members (fig 4-24(b)). Wtih further increments of shortening 
these refract around later developing larger wavelength folds controlled 
by the thick or less viscous units in the succession (fig 4-24(c)), 
which were undergoing layer parallel shortening in fig 4-24 (b).
Fig 4-22 demonstrates the range in interlimb angle of minor F^  
between the open folds of fig 4-22(b) and the near isocline of fig 
4-22(a). The axial plane shallows as tightening and overturning 
proceed, and as shown in fig 4-25 the forelimb can become attenuated 
during this. These are ductile means of accommodating continued 
shortening, and this can also be achieved in a brittle fashion by the 
development of a reverse fault in the short limb, such as that of
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plate 4-18. The upper limb of the fold moves northwards or 
north-westwards relative to the lower, in the direction of over­
turning. Such evidence bearing on the association of folds 
and thrusts can be used to elucidate the nature of the many 
low angle fault surfaces outcropping on Sygnefjell- this will be 
dealt with more fully in section 4.5.4. At this point the 
faults, believed mostly to be thrust faults, will merely be used 
to erect a relative chronology of folds. Under the simplifying
hypothesis that faulting represent a marker, at a similar stage 
in the de formational history of any unit or group of units a 
tripartite division of is allowed -
(i) Pre-thrusting folds. IVhere well exposed thrust faults can be 
seen to transect, and therefore post-date minor folds, hereon 
called F^a. This may leave the folds decapitated (plate 4-19) or 
with a change in vergence, and therefore primary structural position 
across the fault, as in plate 4-20. Similar relationships are seen 
on a larger scale- the tight F^ synform of the Vassenden Cong­
lomerate (fig 4-9, cross-section 3) is progressively truncated by
a thrust fault within the conglomerate/limestone sequence. This climbs 
northwards through the shallower fold limb i.e. it is not aforelircb thrust. 
Fig 4-9 and cross section 3 also demonstrate the close to tight profile 
geometry of F^a.
(ii) Syn-thrusting folds. That overtightening of folds can 
lead to the development of forelimb thrusts has already been 
mentioned. These folds are grouped with F^a.
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(iii) Post-thrusting folds. Examination of cross-sections 
(e.g. cross-section 1) shows that thrust faults are not planar 
surfaces but are folded by large (wavelength 50-1000m) open 
(interlimb angle 70-140°) structures, designated F^b. Only one 
example was seen of a minor F^b refolding a thrust, and this is 
sketched in fig 4-26. Occassionally minor F^b buckles (or late 
F^a?) can also be identified by their overprinting of earlier, tigh­
ter F^a (fig 4-25). This adds further complexity to the deduction 
of major F^ axes from minor fold vergence e.g. many minor 
folds at Vassenden (GR 5410 3790, map 2) verge for an antiform 
to the northwest, not the major F^a synform that outcrops; this ia 
comparable to the structure of fig 4-25.
4.5.3 CLEAVEAGE AND LINEATION
A non-penetrative crenulation cleavage (S^) often develops in 
association with folds. A contoured stereogram of poles to 
this surface (fig 4-21) identified a maximum about a strike of 
070° and a dip of 65°SE. Where F^ is relatively open, as in 
plate 4-14;Sg is axial planar , but as the folds tighten it 
becomes progressively more strongly fanning. This is because it 
rotates to a shallower angle with the forelimb during overturning. 
In the higher strain regions begins to transpose S^c - fig 
4-25. This figure also demonstrates that both F^a and F^b produce 
axial planar cleavages.
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Plate 4-19. Basic Gneiss Complex, GR 4783 2820 
Minor decapitated by thrust plane. View SW.
Plate 4-20. Sygnefjell Meta-arkose, GR 4688 3137.
Thrust faulted contact between psammite and mica schist, refolded to 
i^p north, and cross-cutting folds which change their direction of 
Vergence across the contact. View SE.
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Both in hand speciment and microscopically is seen to be produced 
by an alignment of the shorter limbs of crenulations (plate 7-7) 
their wavelength determining the spacing of the cleavage at 0.5 - 
1 cm (plate 2-9). does not develop as a spaced cleavage in
coarse or massive lithologies, such as the conglomerate of fig 2-9 
but a syntectonic alignment of platy minerals axial planar to 
may develop (plate 7-10). The microscopic features of S^ are fully 
discussed in chapter 7.
Often parallel to the cleavage are veins, up to 3cm wide, usually 
of quartz but also calcite and clinochlore in suitable lithologies 
Examples in plates 4-14 and 4-15 are seen to follow precisely 
planes. The veins are dilational, as evidenced by internal fibres 
growing at a high angle to their walls in the approximate direction 
of maximum compressive stress. Vein opening is a response to
later sub-vertical shortening of the thrust sequence (chapter 5).
The microfolds of S^c which give S^also produce a crinkle lineation 
on S^c planes. This lineation (L^) marks the S^c/S^ intersection 
and appears to plunge coaxially with associated F^ . This observation 
is confirmed by comparison of the stereographic plots of fig 4-15 
and 4-21.
Another F^ coaxial feature are mullions, seen at the contact between 
units inferred to have different competence e.g. schist/psammite junc­
tions. The mullions are cylindrical and very straight with a wavelength
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of 10-20cm. Fig 4-28 is a generalized diagram indicating the 
relationship between folds, cleavage and lineation.
4.5.4 THRUST FAULTS
(a) INTRODUCTION Fig 2-1 defines the fundamental geological 
succession cropping out in the Sygnefjell area. The rock groups 
within it can be further sub-divided internally, and most contain 
a pervasive foliation, S^c, the product of and tectonism, 
which has overpinted primary features. The succession is cut by 
numerous faults at a low angle to S^c. It will be shown that these 
are thrust faults, responsible for the gross inversion of the 
Sygnefjell tectonostratigraphy (Precambrian Jotun Gneisses overlying 
a younger supracrustal allochthon overlying parautochthonous meta- 
sedimentary rocks). That the northwestern margin of the Jotun Nappe 
is a zone of intense overthrusting is a conclusion reached by previous 
workers (e.g. Roberts 1977, Banham 1979), but there is dispute 
over the relative age, and direction of tectonic movement, problems 
addressed in sections (c) and (e).
(b) THRUST FAULT RECOGNITION. faults are recognized in the
field on the basis of their truncation of earlier structures, usually 
S^c or F^a. This truncation may occur either in the footwall alone 
(plates .4-19, 4-21) or in both the hanging and footwalls (plates 
4-18, 4-20). On a larger scale these features are manifest as the 
mappable overstep of one unit across another e.g. GR 4637 2715 
(Maps 1 and 2) where the floor thrust of the Basic Gneiss Complex 
oversteps underlying units of Sygnefjell Greenstone and Psammitic
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Plate 4-21. Parautochthonous Meta-sediments, GR4346 3137.
Thrust fault contact between quartzite and overlying schist, showing 
lateral ramp at hammer. Note sub-parallel quartz veins. View downdip 
to south.
Hate 4-22. Quartz-mica Schists, correlated with Bovertun Meta-limestones,
GR 4457 2 9 6 7.
Thrust plane, between more and less quartzose units, creating small bench 
( above snow ). Quartz vein array in footwall. Rucsac on snow for scale, 
view E.
198
Gneiss. This particular faulted contact is also a metamorphic 
discontinuity, the Basic Gneiss Complex preserving vestiges of 
a metamorphic event (S/M early) which pre-dates the metamorphism of 
the structrually lower rocks.
These criteria distinguish most contacts between major lithological 
units on Sygnefjell as thrust faults. A stereographic plot of 
poles to fault surfaces (fig 4-29) indicates a mostly southeasterly 
dip, as their general sub-parallelism with S^c would suggest. F^b 
folding gives some faults a steep or overturned (northerly) dip.
The juxtaposition of rock types of differing resistance to weath­
ering gives fault outcrop a topographic signature; narrow, strike 
parallel benches fronting scarps (plate 4-22). Vegetation and 
weathering along these benches tend to obscure the actual plane of 
contact, but where exposed the faults are most often sharp contacts 
(e.g. plates 4-18 to 4-21) with little effect on the wall rocks.
Less often they are marked by a 1-4 cm thick band, or bands, 
or cataclastic clay gouge. This is preferrentially weathered and 
eroded away to form a narrow notch. In common association with 
faults are quartz veins, either sub-parallel to the plane of 
dislocation or at a shallow angle to it (fig 4-26, plates 4-18, 4-21, 
4-22). These veins can be greater than a metre thick and tens 
of metres long.
(c) RELATIVE AGE OF THRUST FAULTING. This is the subject of some 
controversy. The similarity in attitude of the faults and S^c
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often mylonitic) fabric, both of which predate NE-SW trending 
upright folds (D^b) led Roberts (1977) and D Twist (pers. comm.
1979) to postulate that fabric formation and thrusting were contemporary 
in areas overlapping, and extending along strike from, Sygnefjell. 
However in the early part of this section it was noted that thrust 
faults usually transect and displace S^c, upon which they have 
little effect, except fault drag and a narrow band of gouge. The 
cataclastic, unlithified, products of faulting are texturally 
and metamorphically distinct from the composite amphibolite/ 
greenschist penetrative S^c. In section 4.5.2 it was noted that a 
period of buckle folding of S^c also pre-dates thrusting; these 
relationships are well shown in the parautochthon north of Kjerring- 
hetta (GR 4345 3055 and fig 4-30). The majority of folds in 
this area (refolding S^c) are tight, northwesterly verging, structures 
pre-dating faults which disrupt the parautochthonous sequence and are 
associated with the overthrusting of the allochthonous Kjerringhetta 
Formation which outcrops to the south. Both S^c and folds 
(F^a) show a change in orientation across the Kjerringhetta Thrust 
which carried the meta-arkoses (fig 4-31); either the earlier 
features have rotated during thrusting or the thrust has brought 
into conjunction initially separate areas with a slightly different 
structural geometry. These relationships are taken to prove that 
a notable period of folding (F^a) intervened between the development 
of S^c and thrust faulting. The conclusion that faulting pre-dates 
the penetrative fabric concurs with Banham et al (1979).
(d) THRUST FAULT GEOMETRY On Sygnefjell the definition of the large
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scale thrust geometry by the construction of cross-sections is 
hampered by:-
(i) Lack of stratigraphie control.
(ii) Penetrative early deformations which largely destroy primary 
fabrics and produce the tectonic convergence of different rock types.
(iii) Major pre-, syn- and post- faulting folds.
(iv) Steep fault plane dips and mostly subdued topography often 
making the projection of surface geology conjectural.
Nonetheless broad features of the fault geometry can be defined.
Individual thrust planes are sub-parallel to S^c, presumably following
the earlier fabric as the line of least resistance. Exceptions to
this general rule occur where they decapitate F^a folds (plates
4-19, 4-20) and where fault dip steepens to cut through overlying
strata at a ramp. With respect to the NW-SE movement direction of
the thrust faults (section e) these ramps are frontal, lateral
and oblique, terms defined in fig 4-32. Frontal ramps and to a lesser
extent lateral ramps, form quite common perterbations of thrust ramp
planes, and an example of each is shown in fig 4-30 and plate
4-21 respectively. The single example of an oblique ramp is postulated
to explain the truncation of the Sygnefjell Meta-arkose, Bovertun
Meta-limestones and Vassenden Conglomerate along the lake Hoydalsvatnet
(fig 4-8). As shown in maps 1 and 2 all three units strike into the lake on its
southern side, but unlike the underlying parautochonous sequence do not re-apnr-ar
on its northern side. This is because the shallow NE-SW trending thrust
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underlying the Vassenden Conglomerate at Vassenden steepens and takes on
an E-W trend (i.e. oblique to the transport direction) north of Hbyrok, G R 5 0 3 8
The ramp structure is projected onto cross-section 3. Associated
with the ramps are folds ad, in one locality, a fault. The folds are
F^b drape structures which accommodate the ramp. An example is the fold
above the frontal ramp in fig 4-30. On a larger scale
the fold couple in the Krosshb Formation (around GR 4600 2900) is
believed to be draped above a major ramp in the Dyrhaugan Thrust
shown on cross-section 1. The recognition of F^b accommodation
folds such as these implies that many of the folds, especially large
ones, of this generation may be drape structures over ramps and
not due to buckling. The example shown in fig 4-26 indicates that
some are buckle folds. Section 2 is strike parallel and shows
the thrust geometry perpendicular to transport. A lateral
ramp, with an amplitude of 300-400m, cuts through the Sygnefjell
Greenstones and underlying orthogneisses. The overlying Mafic Gneiss
carried by this fault is displaced by a subvertical fault, down-
throwing 50-70m.in the same position and trend as the lateral ramp-
this may be a hanging wall drop fault (Butler 1982) resulting from
the differential uplift of units across the ramp. The rarity of
transverse faults in comparison with some other thrust belts
(e.g. Elliott and Johnson 1980) is thought to reflect the ability of
the Sygnefjell rocks to accommodate small strains in a ductile
fashion.
Up to now only individual thrust planes and their effects have been 
considered, but these are components within anastomosing arrays 
of faults. The geometry of one of these arrays, that at the margin of 
the Jotun Nappe, will be described. The
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thrust at the base of the Igneous Complex is a near horizontal surface 
forming numerous klippen outcropping within the Basic and Felsic 
Gneiss Complexes (maps 1 and 2, fig 4-12). It truncates, and the 
Igneous Complex oversteps, more steeply inclined faults in the 
underlying gneisses (cross-section 1). These lower rocks are also 
floored by a thrust fault, and again the steeply dipping thrusts within 
them are constrained by it. Northwest of the hill 1449 (GR 4574 
2617) it can be seen that these two low angle faults are almost 
parallel, dipping at about 15° to the southeast. They form floor 
and roof thrusts to more steeply dipping faults within the ortho- 
gneisses - this structure is a roofed imbricate fan or duplt-K 
(Dahlstrom 1970). Similar features can be seen elsewhere on cross-section 1, 
underlying the Dyrhaugan Thrust and Kjerringhetta Thrust. These two faults, and 
the Jotun Thrust, are regarded as important planes’ of transport, separating 
distinct parts of the Sygnefjell tectonostratigraphy; see fig 
4-33. A causal relationship thus appears to exist between major 
thrust faults and the development of duplexes.
(e) MINOR FAULTS Minor reverse and normal faults were seen at 
a high angle to S^c and with a small displacement, where determinable 
Their orientations are plotted in fig 4-34. Only three high angle 
reverse faults were identified. One , at GR 4577 2857, was axial 
planar to minor folds, parallel to S^ . Normal faults are more 
common, dipping both to north and south, mostly the latter, at a 
moderate to high angle, cross cutting folds where they occur 
together. As with reverse faults they strike parallel to S c^.
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The normal faults may be of D age, see chapter 5. Locally
4
quartz veins occur along both reverse and normal faults.
4.5.5 THE DIRECTION OF TECTONIC MOVEMENT DURING D^ .
Quartz veins and fibres are commonly seen lying along, and close 
to, fault nlanes e.g. fig 4-26 and plates 4-18, 4-21 and 4-22.
These can be recognized as syntectonic where the top surfaces show 
a fibrous mineral lineation, e.g. GR 4541 2603. That this alignment 
is due to the growth of quartz fibres across the moving walls of the 
fault has been suggested by Durney and Ramsay (1973). Such an 
origin could not always be proved and in some cases the lineation 
could alternatively be striations caused by aspérités in the 
fault wall. Irrespective of their genesis (Durney and Ramsay 1973, 
Elliott 1976) they define the direction of thrust fault movement on 
Sygnefjell as NW-SE (fig 4-35). They were not regarded as reliable 
indicators (from rough/smooth direction) of the relative displacement 
of the foot- and hanging- wall. Evidence for this was drawn from 
other sources:-
(a) The thrust related quartz vein arrays (fig 4-26 and 4-36) 
usually occur in the foot wall, although their most impressive 
development is in the hanging-wall of the thrust basal to the 
Liabreen klippen (around GR 4345 3220). Here later folding has 
disorganized the veins, but their ideal geometry is shown in plate
4-22. Two strike parallel quartz veins sets occur, one enveloped 
by S^c and with a similar southeast dip to the fault. The
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Plate 4-23. Lower Sygnefjell Greenstones, GR 44l4 2730.
Contact between greenstone ( to right ) and D^crhaugan Gneiss pod, 
displaced to north ( hanging-wall to left ) by thrust. View E.
Plate 4-24. Vassenden Conglomerate, GH 5401 3790.
Small dip-slip fault, displacing psajnmitic band below hammer and 
cross-cutting minor folds. View NE.
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other, further from the fault, is sub-horizontal or has a shallow 
dip to the north (section 5-6). Both sets are thought to represent 
fissures opened contemporaneously with thrusting, as a response to 
the same stresses, and infilled by solutions channelled along the 
fault plane. One set opened parallel to S^c, its attitude controlled 
by an earlier plane of weakness; the second, subhorizontal, set 
is a finite strain structure. The maximum D3 compressive stress 
(at the time of thrusting) deduced from these veins is NW-SE i.e. 
the thrust of plate 4-22 is close to its original south dipping 
attitude, and therefore has a northwesterly displacement.
(b) Asymmetric folds of an earlier penetrative fabric, verging 
in the direction of movement are widely seen in thrust belts 
(e.g. Bryant and Reed 1969, Oleson 1971, Soper and Wilkinson 1975, 
Bell 1978) suggesting a causal relatioship between the two. The 
overturning of folds, both F^a buckle folds which predate 
thrusting and from which classic forelimb thrusts develop, and 
later (F^b) drape folds over frontal ramps is directed north or 
northwest. The forelimb thrusts show northwesterly movement 
(plates 4-18 and 8-1).
(c) High angle reverse faults of postulated age displace 
northeastwards,
(d) Two good examples of fault drag are seen on low angle faults.
One indicates a northwesterly displacement (drawn in fig 4-36),
209
the other (at GR 5408 3767) southeasterly. The latter structure 
is a lag, and these have been reported in the crystalline rocks 
of the Jotun Nappe (Battey and McRitchie 1973) and elsewhere in 
overthrust regimes (e.g. the Laskefjord Nappe Complex of north 
Norway, Chapman 1981). Their rare recognition in the Sygnefjell 
area leads the writer to believe them to be a minor component of 
the deformation sequence.
(e) The refraction of shear zone fabric into the fault mylonite 
of plate 8-3 indicates a sense of simple shear such that the 
hanging-wall displaced northwards. It is inferred that the 
associated thrust is a higher level, brittle continuation of this 
displacement.
(f) At a single locality the footwall cut-off of a lithological boun­
dary seen in the hanging-wall could be identified, and is shown in 
plate 4-23. This is the contact between the Lower Sygnefjell Green­
stones and a small pod of Dyrhaugan Gneiss, displaced northwestwards 
in the hanging-wall. On a larger scale the definition of footwall 
cut-off is made difficult by the lack of a reliable stratigraphy
and the possible imprecision of correlating purely on the basis 
of broad lithology. However, where a particularly distinctive 
lithological boundary is displaced by a thrust then footwall cut-off 
sections can be drawn with confidence, and this has been done for 
two faults. One displaces a thick horizon of quartzite within 
the Basal Schists, shown in fig 4-30. The second is the cut-off 
of the Vassenden Conglomérate/Bovertun Meta-limestone boundary shown 
in cross-section 3. In both cases the hanging-wall rocks have
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moved to the northwest.
(g) Many workers have observed that thrust faults climb towards 
the topographic surface in the direction of movement. In flat- 
lying cover sequences this confers a stair-step geometry on them 
as they cut across successively higher stratigraphie horizons at 
ramps (Rich 1934). Because of the presence of major early folds 
on Sygnefjell the direction of climb of thrust planes across S^c
is not synonymous with the direction of tectonic transport. Nonetheless 
early folding is not ubiquitous and should create only local aberrations 
Both when exposed (fig 4-26) and when projected in cross-section 
(cross-sections 1-3) the majority of thrusts on Sygnefjell climb 
to the north or northwest. This is illustrated by fig 4-29 on which 
the direction of climb of exposed thrusts has been indicated.
(h) The geometry of duplex structures is governed by the movement 
direction of their composite thrusts. Most are hindward dipping 
i.e. thrust planes dip towards the hinterland, against the direction 
of transport. The development of such a duplex is shown in fig
4-37. The application of a similar model in the Sygnefjell area implies 
transport to be northwestwards (cross-sections 1-3). This will be 
discussed further in section'4.5.6.
4.3.6 DISCUSSION
Considerable attention has been focussed on the geometry of fault
212
arrays in overthrust belts, following work in the Canadian 
Rockies (e.g. Dahlstrom 1970) and the Appalachians (e.g. Rodgers 
1970). These studies have led to the formulation of "thin-skinned" 
tectonic concepts to explain the development of thrust faults within 
previously undeformed cover sequences. In this model thrust planes, 
close in attitude to bedding, cut to the surface more steeply 
at ramps. These may collapse and re-establish sequentially to 
propagate through the underlying (or overlying) rocks as a duplex 
(fig 4-37). Within this imbricates usually young towards the 
foreland. Individual rock packets (horses) can override their frontal 
ramps to create drape structures in older thrust units above.
On a regional scale all thrusts are listric imbricates to a sub-hori­
zontal sole thrust, below which basement is unaffected. The 
wider application of similar principles has required the accommodation 
of both basement and a previously deformed and metamorphosed cover 
within the thrust sequence. A number of recent papers report the 
accomplishment of this (Hossack 1979, 1981, Elliott and Johnson 1980, 
McClay and Coward 1981, Chapman 1981).
During D^ on Sygnefjell an already penetratively deformed sequence 
of rocks underwent ductile and brittle deformation to accommodate 
shortening along a NW-SE axis. Evidence has been presented to show 
that tectonic movement was to the northwest. Other workers on the 
northwestern overthrust belt of the Jotun Nappe have reached the 
opposite conclusion (Roberts 1977, Twist pers. comm. 1979), in 
agreement with the southeasterly tectonic movement direction
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unambiguously defined on the southeastern margin of the nappe 
(Heim et al 1977, Hossack 1978, Nystuen 1981). Acceptance of 
the latter view implies that the Sygnefjell supracrustal allochthon 
connects with that on the southeastern margin (fig 1-6) and initially 
had a similar structural geometry. The Faltungsgraben in a later 
synform which endows the northwestern margin of the nappe with a 
southeasterly dip (towards the foreland) and within which the 
Jotun Nappe Complex is preserved as a klippe. Fig 4-38 (a) 
indicates, albeit simplistically, the structural geometry that would 
result from this situation ; the refraction of the hindward dipping 
duplexes (fig 4-37) described on the southeastern nappe margin 
(Hossack 1978, 1981) onto the northwestern margin about the 
synformal closure hypothesized below the Faltungsgraben. This 
geometry is different to that previously described in the Sygnefjell 
area:- more steeply dipping major thrusts constrain shallowly dipping 
imbricates. This model is therefore rejected. However, a 
second line of argument can be used in favour of southeasterly trans­
port, that the Sygnefjell area is not a hindward duplex. The 
development of such structures, as postulated by Boyer and Elliott 
(1982), is shown in fig 4-39. They cite the Dundonnell anti formal 
stack, figured by Elliott and Johnson (1980) as an early phase 
in this development, a precursor to a forward dipping duplex 
proper. However, the Dundonnell structure is small (1km long), 
localized and atypical, underlying the Moine Thrust, which for its 
greater part is characterized by hindward dipping duplexes (Elliott 
and Johnson 1980). As far as the writer knows no forward dipping
2 14
NW Sygnefjell area. SE 
(q ) Hindward dipping duplex
5
(b) Forward dipping duplex
NW
t
SE
ValdresSygnefje
I
I
Ax is  I of 
Faltungsgraben 
Possible geom etries o f so u tw a rd  tra n s p o rt in g  th ru s t  fa u lt  a rra y s  
when refolded a b o u t th e  F a ltu n g s g ra b e n . 
FIG 4 -3 8
FORELAND HINTERLAND
B
Younqinq direction
Downward focinq
Cleovoqe
CMLForeland dippinq 
subsidiary faults
Incipient tiorse ^  ^
witti rollinq tiinqe
Formation of forward-dippini; dupkaca. Ilonm numltcrrd in order of formation; youngest horses (51 are not yet com 
pkteiy developed. Formations within horses may he predominantly right-way up (AI or upside-down (Hi. structures are often 
downward faring, hut always forward facing.
From Boyer and E llio tt (l982).
FIG 4-39
2 1'
duplexes have been reported in the literature. Further evidence 
militating against this model is the upward facing (when F^a 
effects are removed) of the F^  fold in the Vassenden Conglomerate 
(fig 4-9). Boyer and Elliott (1982) state that in forward dipping 
duplexes structural facing will usually be downwards.
To conclude the thrust faults and associated folds seen on 
Sygnfjell are not geometrically compatible with a direct connection 
to the south-eastern side of the nappe. Rather tectonic displacement 
was, as indicated by small-scale structures, northwestwards.
Other workers have reached similar conclusions (Skjerlie 1957, Kvale 
1960, Oftedahl 1961, Barkey 1970, Battey and McRitchie 1973, 1975,
Banham et al 1979). The implications of this for the regional development
of the Jotun Nappe will be considered in chapter 9.
4.6 SYNOPSIS OF THE "SYN-METAMORPHlC DEFORMATIONS.
The penetrative fabric seen throughout the Sygnefjell tectonostrati­
graphy (S^c) is the product of two deformation phases, and
(and D early in Jotun Nappe gneisses). The presence of effects
in the probable Cambro-Ordovician parautochthon (chapter 7) defines 
and subsequent deformations as elements of the Caledonian oro- 
genic cycle. Folds contemporary with S^c originated with axes 
parallel to the length of the orogenic belt, NE-SW, but rotated 
during progressive shear towards the direction of maximum extension.
The azimuthal direction of maximum shortening indicated by finite
strain structures is NW-SE. A single example of fold facing , 
in the Vassenden Conglomerate, is deduced to be towards the 
northwest, indicating bulk tectonic transport in that direction.
Shortening on a NIV-SE axis continues in , with F^a buckle folding 
of S^c, overturning northwestwards, followed by thrust faulting 
with northwesterly displacement. The geometry of the thrust faults 
is broadly consistent with that predicted by the principles of 
"think-skinned" tectonics. The thrust planes are folded by large 
F^b structures, some of which are drape folds over underlying 
ramps. The effects of F^b are seen best higher in the sequence 
while F^a is well developed in low tectonic units, especially the 
parautochthon. Some thrust faults, most notably that at the base 
of the Igneous Complex of the Jotun Nappe, are spatially associated 
with fault mylonites, suggesting them to root in zones of 
ductile simple shear.
CHAPTER 5 
"POST-METAMORPHIC" DEFORMATIONS
5.1 INTRODUCTION
At the close of the third deformation phase the rocks of the Sygnefjell 
Plateau were in approximately their present positions and present state. 
Their gross lithological and structural characteristics were affected 
little by subsequent deformations. For this reason these later events 
are given the prefix post-metamorphic, although the earlier two are 
accompanied by limited greenschist facies metamorphism. The sequence 
of post-metamorphic deformation reflects the waning of NW-SE directed 
principal compressive stress.
5.2 DEFORMATION PHASE FOUR 
5.2.1. INTRODUCTION
The fourth deformation is divided into two sub-phases, D^^ and D^^, 
the effects of which are usually indistinguishable in the field. Their 
differentiation is based on the occasional observation of the structures 
of D^^ overprinting those of D^^. Both groups are represented by minor 
folds with associated crenulation cleavage and phyllitic lineation. D^ 
and earlier folds, cleavages and lineations are seen to be deformed 
by these wherever they are present together. Because of the often sim­
ilar trends of D„ and D, folds and the localized distribution of 
3 4
the latter, these effects are not obvious on a stereogram of D^ features, 
see chapter 4.
2 i8
5.2.2 D, FOLDS (F.)
4 4
These are typically open (interlimb angle 70-110°) sub-horizontal 
recumbent structures with rather sharp noses and a wavelength of 
less than three metres; an example is shown in plate 5-1. Often they 
are non-cylindrical, forming "whale-backs", such as that of plate
5-2, in which the distance between the apices of adjacent culminations 
varies from a few centimetres for small crenulations to several metres 
in the case of macro-folds. Plunge is widely variable, as shown 
by the stereographic plot of fig. 5-1, with a concentration in a 
NE-SW direction (Groups I, II and III of Fig. 5-1). When seen with 
folds of D^ and D^ style the F^ structures are always the later 
as shown in plate 5-1 (a refolded D^ isocline) and plate 5-3 (a refolded 
north verging, asymmetric F^). Classification using dip isogons, 
following Ramsay (1967), show layers within D^ folds to generally fall 
into either class 1C, or class 3, often alternately. This combination 
of profile shapes allows the fold to propagate through many layers 
without requiring a change in geometry along the axial plane.
The orientation of these structures implies vertical shortening,
and means they will occur only in areas of previously steeply dipping
fabrics. Most usually this is in particular the short, upright
limbs of F^ asymmetric folds or zones of tight F^ folds where both
limbs are quite steep, as in plate 5-3. From this one may expect F^
to exercixe a control over the orientation of F,. Over the much4
Plate 5-1. Sygnefjell Meta-arkose, Krossho Formation, GR4597 2956. 
F/| refolding tight Fg. Note (F^) curvilinear hinge. View SW.
Plate 5-2. Graphitic schist, GR3273 381?.
Vertical Sgc surface showing non-cylindrical F^ . View SE,
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broader regions where is included relatively shallowly to the 
south the only evidence of is in high angle features which transect
this banding, such as the quartz vein of plate 6-1. This geometry
is schematically drawn in fig 5-2. cleavage is occasionally seen
to be deformed by horizontal crenulations, and similarly the bending 
of seen in plate 2-9 may be a response to shortening.
The strongest cluster of plunges,with a spread due to non-cylindricity, 
is about 11° to 224°, Group 1 on the contoured stereographic plot of 
fig 5-1. Although this may be ascribed largely to a control of 
by pre-existing orientations it will be argued presently that the
stress axes implied by this geometry are approximately correct.
The rare recognition in the field of two distinct phases of deformation 
producing the features previously described is on the basis of 
these southwest plunging folds deforming folds of the same style,
and phyllitic lineations, with a more easterly plunge (Groups
2 and 3, fig 5-1), these being in relative age. Plate 5-4 is a
photograph of such a relationship at GR 5240 3811. At this locality 
F^ ^ has a smaller wavelength than the refolding F^^, and the latter
is more strongly non-cylindrical. If the two phases are not seen together
in this manner no certain differentiation can be made i.e. some of 
the structures plunging in groups 2 and 3 could also be explained by
refolding of F^^ (Group 1) by later cross-warps (see section 5.4).
5.2.3. D, CLEAVAGE (S, ) 4 4
In finely banded or schistose rocks these folds are often associated
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Plate 5”3* Sygnefjell Meta-arkose, GR^69 3^11.
Steep D^ asymmetric folds refolded by sub-horizontal %  in area of hammer, 
View SW.
Plate 5“^ « Sygnefjell Meta-arkose, Krossho Formation, GK 4 ^ 2  286?. 
%b (top left - bottom right) refold smaller Fz^ a. View SE,
9.9 h
with an crenulation cleavage. This is axial planar or weakly 
fanning, fluctuating about the horizontal with a slight concentration 
of dips to the south at an angle normally less than 15°, see fig 5-1 
The crenulations have a wavelength of approximately one to two centimetres 
as in plate with all gradations up to larger parasitic folds. They are 
asymmetric on the limbs and symmetric around the noses of major folds, 
forming the coaxial phyllitic lineation (L^) plotted in fig 5-1. Layer 
separation commonly occurs in tight crenulations resulting in saddle 
reefs infilled by quartz and clinochlore, such as those of plate 5-5 .
This implies flexural slip to have occurred during fold formation.
Under the microscope it can be seen that this cleavage forms largely 
as a result of the alignment of microfold limbs to produce zones rich 
in mica and poor in quartz, with limited crystalliztion of new phases 
into the plane of S^ . The metamorphic grade indicated is low in the 
greenschist facies. A typical example is shown in plate 7-8 and this 
topic is discussed more fully in chapter 7.
5.2.4 DISCUSSION
Possible axes of stress are shown in fig 5-2 and plotted in fig
5-1. As with Sg (chapter 4) the S^ crenulation cleavage with parallel 
mica growth is believed to represent the Ô  2 ^ 3  stress (XY strain) plane. 
The assumption is then made that the intermediate stress axis parall­
els the hinge of the folds tentatively identified as forming group
1 (fig 5-1), In view of the possible structural control suggested 
in section 5.2.2 this can not be wholly justified. However, it is 
noted that the strong non-cylindricity of suggests the hinge to be
a direction of shortening, and fold amplification to be one of relative
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extension i.e. the strain geometry of fig 4-18 is inapplicable. could 
still be oblique to the fold hinge, but the simplest hypothesis, that 
is of parallelism, is followed. The stress geometry may also be close 
to that of at least some folds, those observed in near coaxiality
with and plotting in groups 2 and 3 in fig 5-1.
Application of the same reasoning dictates that different orientations 
of the two lesser principal axes of stress operated to produce the 
style folds of groups 4 and 5; d  ^ (paralleling the hinge) plunged 
southeast and these folds constitute a separate deformation phase of 
unknown age relative to the NE-SW folds of D^ . While feasible this 
model is not unique, and a simpler, and therefore more attractive, 
theory for the development of these structures can be considered. The 
folds of groups 4 and 5 have a similar direction of plunge to F^  and 
F^ . Refolded around the noses of the latter flat lying features is a pre' 
existing gneissose banding which forms co-axial zones of steep fabric.
In this F^ could potentially develop, D^having a vertical axis
aligned within this banding. The direction of plunge of the resultant 
buckles would be controlled by the orientation of the early structure 
i.e. it would be towards the southeast, along the approximate Cf ^ 
axis - fig 5-1 .
In conclusion a single stress regime, with little fluctuation, can be 
proposed to account for F^^, the refolded F^^, and anomalous southeast 
plunging style folds. Vertical shortening was accompanied by relative 
extension transverse to the thrust belt, under greenschist facies 
conditions.
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5.3 DEFORMATION PHASE FIVE
5.3.1. INTRODUCTION
A widely distributed feature, especially within the more mafic lithologies 
of the supracrustal rocks, are mineralized veinlèts. The great 
majority of these are infilled by a dark green chlorite, and have a 
consistent NE-SW trend. Veinlets of this geometric and mineralogical 
grouping are seen to transect folds of D^ type e.g. at GR 3970 2482, 
fig 5-3. They lie in conjugate en-echelon sets. These are the effects 
of the fifth phase of deformation. Veins of other orientations and 
mineralogy pre-date D^ .
5.3.2 D^ TENSION GASH GEOMETRY
Plate 5-6 shows veinlets of the type commonly seen in low angle joint 
faces around Sygnefjell. Other sections show them to have a roughly 
vertical major dimensional axis, the geometry of fig 5-8a. As is the 
case with folds it is the profile plane, perpendicular to this (i.e. 
sub-horizontal), that best demonstrates the geometry of the structure. 
On this surface the veinlets are small, usually less than 8cm in length 
and 0.5cm wide, although massive gneisses and psammites can contain 
considerably larger veins, up to Im long and 3cm wide. Often the 
veins and veinlets show a slight sigmoidal curve, as in plate 5-6.
In plate 5-6 the veinlets lie in an en-echelon array and a similar
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Plate 5-6. Sygnefjell Greenstones, GR 4773 2812.
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relationship can be identified in most examples. These arrays define 
roughly plane-sided and vertical zones of simple shear as proven 
by the displacement of across them - see fig. 5-4. The angle between 
the veinlet tip (the product of the last increment of strain) and the 
shear plane is 35-45°, fig 5-5. Similar structures were experimentally 
produced by Riedel (1929) - they are tension gashes within a brittle/ 
ductile shear zone. The sense of shear can be defined by the shear 
plane/tension gash geometry, the sense of rotation of the early, central 
portion of the veinlet or the refraction of banding. The sinistral
and dextral zones identified by these methods form two distinct 
orientational groups and these can be seen in plate 5-7. The contoured 
stereographic plot of fig. 5-7 shows dextral shear zones to have a mean 
strike to 006°, whereas sinistral zones have a mean strike to 067°.
The veinlets themselves have a more consistent strike, about 040°, 
although as they become sigmoidal their strikes rotate in the opposite 
sense during sinistral or dextral shear, causing divergence. In plate 
5-7 the dextral zone contains the larger gashes, but in most cases 
they are smaller and less numerous than those in the sinistral zones. 
This probably reflects a rotation of the stress axes during deformation 
tending to favour movement along the sinistral shears, as shown by 
Ramsay and Graham (1970). This must be a minor effect for it is noted 
at a number of localities (e.g. in fig 5-5) that later formed veinlets 
maintain an angle of 35-45° with the original axis of the shear zone 
(as defined by the inflection points of the early, rotated, part of 
the veinlet system which they transect) i.e. the shear plane for each 
is the same. The veinlets of fig. 5-5 have about the maximum observed 
accentuation of the sigmoidal form. The amount of re-orientation 
undergone during shear by the central parts of these particular veinlets
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allows a shear strain (5) of 1.6 to be calculated from the relationship 
(Ramsay and Graham 1970) -
cotcx'= cot # 
where = the original veinlet/shear plane angle.
= the veinlet/shear plane angle after shear.
That= 1.6 is the maximum indicated shear strain preserved in the 
tension fissure arrays is only partially a function of the small amount 
of deformation needing to be accomodated by these structures during 
D^ . In some shear zones, such as that of fig. 5-4 the deflection of 
banding across the zone reveals shear strain to be considerably higher 
than this, in the quoted example having a maximum value of 3 = 5.6.
In these cases the rotation of the central part of the vein (A-C of 
fig. 5-6) instead of producing an increasingly sigmoidal shape, reaches 
a point where re-closing of this early portion occurs as the original 
direction of opening approaches of fig. 5-6). The original vein
is preserved only as a very thin line of chlorite, or is completely 
closed. The chlorite thus lost is redeposited within new veinlets 
opening in close proximity to this line (D of fig. 5-6) to form a 
secondary en echelon array. These veinlets are orientated at 35-40° 
to the shear plane as in figs. 5-6E, 5-4 and 5-5. The refraction of 
in fig 5-4 show this process to operate at the boundary of brittle 
and ductile deformation.
Conjugate macroscopic shear fractures normally form with the angle 
containing, and bisected by, d  j having a value of approximately 60° 
(Handin and Hayer 1957, Price 1966) and this accords well with the 
50-60° angle between conjugate shear zones, noted both in the field
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(plate 5-7) and on the stereogram - fig 5-7). Ignoring the likely 
small rotational component the stress axes (derived from the present 
orientation of the finite strain axes) are plotted on fig 5-7 and 
shown in fig 5-8. Tension gashes reported in measedimentary rocks 
in America (Shainin 1950) and South Africa (Roering 1968) show a smaller 
conjugate angle between the shear zones than those upon Sygnefjell i.e. 
about 40°. This difference may reflect variation in the confining pressure, 
this having been shown experimentally to affect the angle containing 
in conjugate fault systems (Watterson 1981).
Chloritic mineralization identified in the saddle reefs of D, microfold4
hinges (plate 5-5) and along S^ cleavage planes is inferred to be 
contemporaneous with the tension gash infill, but utilizing lines of 
old structural weakness.
5.3.3 TENSION GASH MINERALOGY AND BRECCIATION
Microscopic examination reveals that the mineralogical infill to the 
veinlets consists mainly of clinochlore, with a little calcite and a 
highly variable, but normally minor, proportion of quartz. Many of the 
veinlets consist wholly of clinochlore. Even in very felsic lithogies 
quartz shows little sign of mobilization, although where this does occur 
its fibrous nature is useful for defining the direction of vein opening. 
This is at a high angle to the margin, 70-85° in plate 5-8. Conversely 
clinochlore shows no sign of orientation, although the small size of the 
veins makes examination difficult. Under the microscope the clinochlore 
crystals form a fine, equant,granular mosaic, sometimes with a weak
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Plate >7. Granitic Gneiss, GR4242 2jjl.
Conjugate sets of D^ tension gashes, trending either side of compass. 
View SW.
Plate 5“8. Basic Gneiss Complex, GR4-573 2^03. 
Banded,fibrous, veinlet. View NE.
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alignment discernible (plate 5-9), suggesting recrystallization of a 
previously fibrous aggregate. The mineralogical content indicates 
this to have occurred under lower greenschist facies conditions- see 
Chaprter 7 for further details.
A surrounding zone of mafic depletion, similar to that of plate 5-6 
is commonly developed where the fissures are in close array. In banded 
rocks the vein material itself can be banded, reflecting wall rock 
composition - in plate 5-8 quartzose and micaceous layers in the 
country rock are offset but continuous across the tension fissure, 
defining, as do the quartz fibres, the direction of vein opening.
These observations leave no doubt that a large proportion,at least, 
of the vein consituents are derived from the immediately adjacent 
country rock. Clinochlore is the most easily mobilized component of 
this.
Where the tension gash arrays are closely spaced, and the veinlets 
relatively large, it is often seen that the intervening country rock 
lithons become separated and disorientated from the main rock banding, 
and sometimes small breccia veins develop, as in plate 5-10. This 
disruption is presumably hydraulic i.e. due to high pore fluid 
pressure of the solutions depositing within the vein. At one locality 
(GR 4813 2888) in the Sygnefjell Meta-arkose a broad, and as fa r as 
could be discerned, flat lying, zone of brecciation was found. This 
is shown in plate 5-11 where it can be seen to cross-cut F^. The 
disrupted fragments appear under the microscope as typical meta-arkose, 
identical to the country rock and with a weak alignment parallel to the
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Schemat ic  plan veiw o f D 5  shear zones. 
They are o r i e n t a t e d  f rom  fig. 5-7.
FIG 5-8
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Plate 5-9. Sygnefjell Meta-arkose, Krossho Formation, GR 4717 2953< 
veinlet showing vermicular, weakly aligned, clinochlore.
Plane po lars  X I3.
Plate 5 -10. Basic Gneiss Complex, GR4813 285B.
Intra-veinlet country rock undergoing ^brecciation during . View SE.
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margins of the breccia zone. The infill is largely biotite, not seen 
in the tension gashes. Despite a broad genetic and chronological 
comparability it is therefore not easy to relate this feature to the 
process which produced the tension gashes and their minor breccias.
The subhorizontal orientation of clasts within it suggests an age after 
folding and before vertical collapse.
5.4 DEFORMATION PHASE SIX
5.4.1 INTRODUCTION
The last period of deformation recognized in the Sygnefjell area is 
represented by broad Southeast plunging folds with an associated fracture 
cleavage and jointing. Principal compressive stress continues to be 
directed along the length of the overthrust belt. Only rarely can 
relative age determinations with D^ and D^ be made.
5.4.2. Dg FOLDING AND JOINTING
folds (F^) are upright with an open to gentle interlimb angle, 
between 100 and 140° where determinable.Wavelength is commonly 100-200m, 
rarely less than 30m, and sometimes as great as 500m. An example, 
shown in plate 5-12,demonstrates the roughly parallel concentric shape, 
their size precluding a closer determination of fold style. Plunge is 
gently to the south or south east, downdip of When plotted and
contoured on a stereogram, fig. 5-9 a maximum about 22° to 139° is 
revealed. Their cylindricity, or lack of it, cannot be deduced.
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Plate 5-11. Sygnefjell Meta-arkose, Krossho Formation, GR 4657 2865. 
Broad area of hydraulic breccia cross-cutting fold. View W.
mmwm
Plate 5-12. Sygnefjell Meta-arkose, Krossho Formation, GR 4788 2905. 
Open F^ with S^ fracture cleavage. Cliff face c. 10m high. View SE.
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Although definition of in the field can be difficult its effects 
on outcrop patterns are marked, e.g. the intersection of and F^  
produces periclinal domes and basins in the area of Rauskjold (C R 
461 260), preservingKlippen of Jotun Nappe crystalline rocks within 
the Basic Gneiss Complex.
Occassionally fine joints, such as those shown in plate 5-12 form a 
fracture cleavage, here designated S^ , to folds in some of the more 
competent lithologies. remains approximately orthogonal to
across the profile plane of folds, and therefore fans weakly about
the vertical. The joints lie 10-20cm apart in the crestal region of 
the fold, but are more widely spaced on the limbs. The intervening 
lithons are unaffected by any penetrative fabric or recrystallization. 
Sg coincides in orientation with a prominent NW-SE trend of jointing 
across Sygnefjell (as in fig 5-14). These joints do not show the 
structural association with F^ of S^ in plate 5-12 but are possibly 
analogous features of deformation- see section 5-5. stress axes
inferred from the finite strain of these structures (above) are plotted 
in fig. 5-9. In view of the undoubted potential control of F^ plunge 
by the pre-existing southeasterly dip of S^^ it is accepted tha the 
proposed parallelism of the intermediate stress axis with the hinges
of these folds is a tenuous association. Nonetheless this approach 
will provide a convenient, if broad,framework for subsequent discussion 
(in sections5.6)
5.4.3. EVIDENCE FOR THE RELATIVE AGE OF D.
6
The relative age of the structures described above is difficult to 
define with respect to the other stages of the "post-metamorphic"
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deformations. There is no doubt that they post-date the "syn-metamorphic" 
deformations. Their effects can be seen stereographically, accounting
for the east-west spread of iT poles to shown in Chapter
4 to lie close to the profile plane. also accounts for the
bimodal northeast or southwest plunge of F^ (Chapter 4). The production 
of a dome and basin outcrop pattern due to the refolding of D^folds and 
thrusts during has already been alluded to.
Unfortunately the structures here assigned to and are smaller and 
less common than those of and only on rare occasions being
seen with features. One example of this is sketched in fig 5-10,
showing a fold being refolded by open north-south warps of F^ style
and trend. The latter structures are thus post - D^. No such direct 
evidence is available to elucidate the age of similar open folds in 
comparison with the tension gash arrays previously ascribed to . 
However, three lines of reasoning lead to the conclusion that the 
shear zones are the earlier -
(а) The NW-SE joint set, postulated in section 5.4.2 as being of 
origin,is always seen to cross cut the tension gashes where 
they coincide, e.g. GR 4698 2917.
(б) In the meta volcanic and psammitic rocks around Krosshd, GR 4724 
2832, a genreal ENE-WSW strike of with shallow south-easterly
dip, is disrupted by major folds of postulated age. TheseNNW-SSE 
upright structures result in taking on a south-westerly dip
(strike ESE-WNW) in some areas. No other style of major fold
can be identified. North-south trending dextral shear zones, are 
common in this area, and although showing little spread of
2 k }
Dextral Dg tension gosh arrays from the Upper Sygnefje II 
Greenstones about the hill Krossho, G. R.4724 2832 .
O Where S2C dips to the southeast. n=7 
#   southwest. n=5. FIG 5-1
Southwest dipping 
V S2CF5-plunge.
Southeast dipping
&2C
■East dipping
West dipping
J^S^c
Dextral D5 tension 
gosh arrays
Interpretation of data plotted in f ig.5-ll, above.
FIG 5-12
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geometry on a stereogram what variation exists is strongly dependent 
upon whether the shear zones lie on the southeast or the southwest 
dipping limbs of , as seen on the stereographic plot, fig 5-11.
From this an up-plunge isometric diagram of a generalized fold 
with shear zones can be constructed - fig 5-12. The paucity of data 
makes any conclusions tenuous, but a control of shear zone orientation 
by the major open folds does apparently exist in this area, and if 
authenticand generally applicable the folds must be the later.
(c) On a circumstantial, rather than observational, level the reduction in 
metamorphic facies from to (Chapter 7) would be continued during
where no evidence of any metamorphic recrystallization is found.
5. 5 VEINS AND JOINTS
5.5.1. VEINS
On mineralogical grounds three major groups of veins can be recognized 
transecting S^^ - quartzose, quartzo feldspathic (pegmatites) and calcareous. 
A sample of attitudes, measured from across the area mapped,is presented 
stereographically in fig. 5-13.
In the allochthon pegmatites were occasionally recognisable in the Sygnefjell 
Greenstones and in less deformed plutonic rocks. They almost invariably 
show evidence of a pre-S^^ origin (e.g. that of plate 2-13) and indeed 
most have been rotated to become coplanar with that fabric. Fig 5-13 
defines a near random attitude amongst those identifiable as cross-cutting 
though with a tenedency towards southerly dips.
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Conversley quartz veins, while having a wide range of orientations 
show a preferred moderate to steep south-easterly dip i.e. they 
parallel S_ as would be expected from field observations of quartz 
veins along this clevage. The dilation of cleavage planes to 
allow the ingress of mineralizing solutions is a result of the waning 
of maximum compressive stress (across the cleavage) and the waxing 
of vertically directed compressive stresses (of D^) - see section 
5.7. Some of the veins in this major grouping are quartz filled
tension gashes. A notable sub-group of quartz veins show a shallow
northerly dip, and these are inferred to be coeval with D^, the thrust 
fault related tension gashes described in Chapter 4.
Calcareous veins (in the Bovertun Meta-limestones) are very contorted 
and little can be deduced from the range of fig. 5-13, except that they 
cluster broadly with the quartz veins.
5.5,2. JOINTS
A stereogram of joint attitudes from across the area mapped is shown in 
fig 5-14. Two fundamental sets can be discerned. The first is steep 
northerly dipping, northeast-southwesterly striking joints, broadly strike 
parallel and dip perpendicular to S^^. These control many of the cliff 
faces on Sygnefejll. Some quartz veining occurs parallel to this set 
(fig 5-13) and so the joints may have provided conduits for mineralizing 
solutions. The second set is steeply dipping with a northwest - southwest 
strike, broadly axial planar to and perhaps associated with the 
fracture cleavage. Little mineralization has occurred along this 
trend - fig. 5.13.
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5.6 SYNOPSIS OF DEFORMATION PHASES FOUR TO SIX
Separation of the "post-metamorphic" deformations into the geometric 
stages D^ , and was for ease of description and to allow the 
deduction of stress axes from the finite strain structures of these 
phases:- potential errors in this technique have been referred to in the 
text and are not thought by the writer to significantly effect the 
conclusions reached in this section. However, synoptically they 
form a continuum reflecting the cessation of, and recovery from,the 
NW-SE directed principal compressive stresses which characterized the 
Caledonian orogen and the "Syn-metamorphic" deformations.
is represented by angular folds with a quasi-horizontal cleavage. 
From these structures stress axes for are plotted in fig. 5-2
and have been reproduced in fig. 5-15a. They show (51 to be near 
vertical and least compressive stress transverse to the strike of 
the tectonostratigraphic succession established by thrusting during 
Dg. The favoured hypothesis to explain this, and it is difficult 
to conceive any other, is that these are stresses produced by 
the weight of overburden following this progressive overthrusting 
of the Jotun Nappe, with the consequent folding and thickening of 
the footwall rocks. cleavage planes dilate to form conduits for
quartz-bearing solutions. Recrystallization of muscovite, in the 
greenshcist facies of metamorphism, is evidence of the considerable 
overburden thus developed. This weight induced the gravitational 
collapse of the sub-nappe units. The recognition of at least two
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partially superimposed stages within the structures of D, (D, and
4 4a
suggests that the arrival of individual thrust sheets may have 
been sufficient to produce strains in the underlying rocks, such 
that repeated thrusting produced polyphase deformation under similar 
stress regimes. It is implicit within this that shares diachronism 
with D^, and that while at any one locality it is the later event 
regionally the two phases overlap. Lack of restraint at the erosive 
toe of the thrust sheets after emplacement could be the reason for 
the direction of least compressive stress being perpendicular to the 
nappe front, as suggested by Hossack (1968). This orientation must 
also be symptomatic of the dissipation of the NW-SE directed shortening 
of Dg.
Similar structures to those of D^have been noted elsewhere in the 
Scandinavian Caledonides, for instance in the Trondheim nappe sequence 
by Roberts (1968), and these were attributed to gravity collapse by 
Ramberg (1977).
Following the reimposition of regional horizontal shortening 
produces the vertical conjugate shear zones of . The stress axes 
deduced from the latter are shown in fig. 5-7 and reproduced in fig. 5- 
15b. It can be seen that they are roughly coincident with those of 
D^b> but (^2 and (5 ^  have changed position. Two factors are believed 
to be responsible for this:-
(i) The denudation of the collapsed nappe pile by erosion, reducing 
CJj of the pressure of overburden.
(ii) The build up of compressive stresses along the strike of the
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thrust belt, parallel to t h e 2 stress axis of 0^^, 
until it surpasses the value of the degradingdjof 0^^, at 
which point the relative values of the stress axes swap.
The stress state is now that of fig. 5-15b and the shear zones of
are produced. The movement of clinochlore into these zones suggests
metamorphism to be in the lower greenschist facies, having waned from
D, as overburden decreases.
4
The processes of (i) and (ii) above continue into . Erosion reduces 
vertical pressure, the intermediate strain direction of D^, until it 
is subordinate in value to both horizontally directed principal stresses. 
Therefore (53in is vertical, as is plotted from the finite strain 
structures in fig. 5-9 and shown in fig. 5-15c. This lessening of 
overburden is reflected in the lack of any metamorphic recrystallization 
during this phase. Maximum compressive stress remains, as in , 
horizontal and directed NE-SW. This apparent orogen parallel shortening 
may in fact be a facet of basement mobilization and diapirism. The 
development of mantled gneiss domes in the basement to the Scandinavian 
Caledonides was described by Eskola (1949). Gee (1975) states that 
the general geometry of late phase folds in the Central Scandinavian 
Caledonides was dictated by the uplift of granitic basement and its 
relationship to the variable thicknesses of overlying denser nappes. 
Suggested examples of such structures are the culminations across the 
Caledonian chain at Grong (Ramberg 1980) and in the Salta region 
(Cooper and Bradshaw 1980). The gradients produced by these upwellings 
in the overlying and surrounding nappe rocks could lead to the production
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of folds in the allochthon as gravitational slump structures, as shown 
in fig. 5-16a. Ramberg and Ghosh (1969) poposed this mechanism to 
produce horizontal axial planed folds in the Trondheim nappe sequence 
Alternatively the density inversion could occur due to superposition 
during thrusting within the allochthonous sequence itself, see fig. 
5“16b. The Bygdin Antiform was suggested by Hossack (1976) to have 
formed in this way, as a load structure of metasediments into the 
denser mafic rocks of the overlying Jotun Nappe.
Little evidence to discriminate between these hypotheses, or suggest 
another, is found in theSygnefjell area. The deduction of NE-SW 
horizontal compression during militates against localized diapirs 
of cover rocks, suggesting that there was actual contraction of the 
cover sequence along this axis (as in fig. 5-16a) However, that 
this contraction was gravity driven down a basement slope cannot be 
proved, the nearest large basement culmination shown on the geological 
map of Norway (Holtedahl and Dons 1960) being near Rondane, at the 
northeastern termination of the Jotun Nappe.
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CHAPTER 6
STRAIN ANALYSIS FROM DEFORMED OBJECTS
Symbols -
Rf = final deformed particle axial ratio
Rs = finite strain axial ratio
Ri = initial undeformed particle axial ratio
^ = angle from Rf long axis to maximum principal strain direction.
H = harmonic mean of Rf 
R = number of particles in sample
X,Y,Z, = principal axes of finite strain ellipsoid. X is greatest 
e = finite extensional strain
I
^ = reciprocal quadratic elongation
9 = angle vetween a line and the maximum finite strain direction on a
plane 
E = natural strain
îf 0 = natural octahedral unit shear 
Es = function of natural octahedral unit hsear 
^ = Lodes parameter
6.1 INTRODUCTION
Within the area covered by detailed mapping deformed clasts in the 
Vassenden Conglomerate and Sygenfejell Meta-arkose were used to cal- 
ulate finite strain ratios. Along the strike from this area similar 
techniques were applied to clasts, pillows and amygdales within unit®., some 
of which are directly correlatabfe with the Sygnefjell tectonostrati- 
graphy (from the map of Banham and Cibbs 1979). The refraction of
the internal fabric of small shear zones in the Jotun Nappe rocks was 
also used to derive information about finite strain parameters.
Various methods were used, as described below, and were selected as 
being the most appropriate for the lithology and deformation state of 
the strain markers.
The study was restricted by the availability of suitable strain markers. 
The possibility of using crystal shape fabrics in this respect was 
dismissed:- this technique was considered unreliable due to active 
recrystallization during deformatiom as described in Chapter 8.
6.2 METHODS OF DETERMINATION OF THE STRAIN ELLIPSOID
6.2.1. VASSENDEN CONCLOMERATE AND BASAL CONGLOMERATE
The petrology, structure and setting of these units are described 
in Chapters 2 and 4.
Cobbles were measured at two localities 150 m apart in the Basal 
Conglomerate about C.R. 421 389 and at eight localities within the 
Vassenden Conglomerate, as on the map (fig. 6-1). In the Vassenden 
Conglomerate only quartzite clasts were measured, except at one 
locality (4a, see map, fig 6-1) where enough clasts of dark slate 
were present to form a separate, broadly representative,sample.
At each locality the presence of a strong cleavage (Sg), within which 
the cobbles were flattened, and a lineation (L^), both upon the cobble 
surfaces and of the cobbles themselves, made possible the definition 
of the principal strain ellipsoid axes. For ease of calculation attempts 
were made to take the measurements on joint surfaces containing two
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of these axes. However, although this was often possible with the 
XY (cleavage) plane, only at four localities could another joint surface 
close by be found within 5° dip and strike (chosen as the limits of 
tolerance) of either of the other principal strain planes. At the 
other six localities measurements were taken on the XY plane and two 
other joints of random orientation. In all cases as many measurements 
as possible (usually about thirty) were taken on each of the flat 
surfaces chosen, in all but two places with callipers.
In the Vassenden Conglomerate it was also possible at four localities
to measure the angle of fluctuation (0) of the pebble long axes (after
Cloos (1947). This was done by drawing a series of lined paraUd to cleavage
(and each other) on the joint surface and using a goniometer to determine
At the other conglomerate localities it was not possible to do this because of the
effects of minor folds, and in the Basal Conglomerate 0 was too
small for accurate measurement. This may be due to low initial
shape ratios (Lisle 1977) and the somewhat higher strains undergone
by these rocks (see on).
Rf0 plots allowed the estimation of true strain ratio (Rs) from the 
logarathmic mean of Rf maximum and Rf minimum (Ramsay 1967). This 
method gives Rs values that are slightly high (Dunnet 1969). Where 
0 was not measured the harmonic mean of Rf on each joint surface was 
calculated from -
H =
C  l/Rf
Lisle (1977) showed this to approach closest to Rs, although still
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giving an overestimate of strain.
The estimates of Rs so derived have to be combined to determine the 
shape of the finite strain ellipsoid. At the localities where measure­
ments were taken on two joints parallel to principal planes of strain 
this was simple as one axis was common to both planes. Where strain was 
estimated in the XY plane and on two random joints the definition of the 
finite strain ellipsoid requires the manipulation of these data. This 
can be done by computer (e.g. Milton 1980), but this is not useful if 
results are required in the field. However, from the solution given in 
Ramsay (1967, p.142, 147, 148) a simple graphical technique can be 
devised. The principal axes and planes of the strain ellipsoid and the 
two random joints (A and B) are plotted on a stereogram, as in fig 6-2. 
The reciprocal quadratic extensions (V ) of the axes of the strain 
ellipses on each of the three surfaces were calculated from -
1
V =
-------------  (Ramsay 1967 p. 52)
(1 + e)^
From the information on the random joint surfaces A and B X* was also 
calculated for the intersections of these joints with principal planes 
of strains, thelines Axz, Bx!z etc., using -
 ^ = X ^ cos^ 0 + A 2 sin^ 0 (Ramsay 1967 p66)
A second value for the extension of the lines Axy and Bxy can also be 
derived from the strain of joint surface C, the X Y plane, and this is
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always greater than that calculated from Rs of the random joints A and
B. This increase is used as a scaling factor to make the strains prev­
iously derived for the lines Axz, Bxz etc. compatible with that of 
the XY plane.
This for both the XZ and YZ principal planes the reciprocal quadratic 
extensions of three lines are known and and can be found
by construction of a Mohr circle (Ramsay 1967, Construction 3).
The combination of these allows the deduction of the axial ratios of 
the finite strain ellipse, given in the form
6.2.2. GRITS
Units of grit occasionally "occur within the Sygnefjell Meta-arkose.
Clast margins are difficult to define on weathered surfaces (see plate 
2-12) so orientated specimens were taken at three localities. One orien­
tated specimen was also collected to the south-east of the area covered 
by detailed mapping, from the Helgendalen Metagreywackes (Banham et 
al 1979) at G R 371 189. The principal strain planes of these specimens 
could be determined as in the Vassenden Conglomerate, and, on return 
to Britain, they were cut and varnished parallel to these. Axial ratio 
measurements were taken on as many clasts as possible, 20 to 60 on each 
surface, and the harmonic mean of these data calculated. Because of the 
small and sometimes marginally indistinct grains the measurement of the 
fluctuation angle was not feasible. The two planes with the more precise 
or greatest number of measurements were then integrated to derive an 
estimate of the finite strain ratio, with the third plane as a check on
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this. The intermediate axis of the strain ellipsoid was reduced to unity
6.2.3. TURTAGRO METAVOLCANICS
This series of metavolcanic rocks, sometimes with pillow lavas, was 
identified by Banham et al ( 1979). 11 is corre latab le wi th the Sygnef jell
Greenstones. Above the road to Helgedalen (G R 3670 1950) it contains 
small (1cm long) numerous lenticles of quartz and feldspar that may 
be araygdaloidal in origin. One orientated specimen was collected and 
analysed as for the grits above. 30m away a joint face with many clear 
sections of the possible amygdales was photographed and the method of 
Ramsay (1969, p.148) for computing the finite strain ellipsoid from a 
single plane was then employed.
Pillow structures were also figured at two localities, one on the 
Helgedalen road (G R 3681 1946) and one in the village of Fortun 
(G R 3049 1921). These data were integrated in the same way as that in 
the conglomerate, but fewer measurements could be taken on each joint 
face.
6.2.4 JOTUN NAPPE ROCKS
The shear strain (^ ) in two discrete zones of simple shear within Jotun 
Nappe gabbros was calculated using the - mapping technique of Ramsay 
and Graham (1970). This was performed on photographic tracings.
6.3 STRAIN CALCULATIONS
These follow Hossack (1968). It was assumed that there was no volume
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loss during deformation, and, except where it could be proved otherwise, 
that objects prior to deformation were perfect spheres. The unit 
of strain used in this analysis is natural strain, defined by
E = log e (1 + e)
Three values are derived, E^  E^ E^. From these the amount of strain 
can be expressed by the natural octahedral unit shear (Nadai 1963)-
ÿ o  = I  [(E^ - + (E^ - + (E^ - E^)2]
This is directly proportional to the amount of distortional work done 
and therefore allows the comparison of deformed objects with differing 
strain symmetry i.e. prolate and oblate. The function of the natural 
octahedral unit shear is defined as -
The symmetry of strain is defined by Lodes (1926) parameter -
V = 2E2 - - E]
Ej - E3
V values range from -1 to 1 depending on the type of strain, such that 
constrictional deformation will give negative V values, and a flattening 
deformation positive values. Plane strain is V = 0.
6.4 SOURCES OF ERROR
The computed finite strain from a particular set of markers may be
2Gi
inaccurate becuse:-
(a) Errors may have been made by the writer in taking field measurements, 
and subsequently mistakes may have been made in calculation.
(b) In some areas only a small number of measurements could be taken, 
notably of pillow structures. They may not be representative of the 
population as a whole; Hossack (1968) determined that 30 measurements 
were sufficient to define the mean axial ratio upon a joint face.
(c) Strain could vary over a short distance. This would occur if measure­
ments were taken from different parts of a minor fold (see on),
or if matrix proportion or ductility changed (Hambrey and Waddams 
1981). Different samples at a single locality may be from domains 
of differing strain. Such structural and lithological changes 
were not observed during data collecting.
(d) Volume need not, as necessarily assumed, be constant. Ramsay (1967) 
and Ramsay and Wood (1973) showed that volume reduction moved true 
strain towards the flattening field of a Flinn (1962) deformation plot.
(e) The original shape and orientation of the strain markers could only be tak­
en account of at some localities in the Vassenden Conglomerate.
Elsewhere they were assumed to be spheres. Low fluctutation angles
in the Basal Conglomerate and grits suggest the initial clasts to 
approximate to spheres.
(f) Microscopic analysis shows that some of the "clasts" in the Sygnef jell 
Meta-arkose are blastic, or have an epitaxial blastic rim (Chapter 7).
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Others have fractured in a brittle fashion rather than deformed 
in a ductile manner (chapter 8). Such clasts could not be differentiated 
during measurement of the grit specimens and are unlikely to record 
true finite strain (McAuslan 1967). These grains are not common and 
their effect on this analysis, while indeteminate, is believed to be 
small.
6.5 RESULTS
6.5.1. PRE-D^ STRAIN AND SEDIMENTARY FABRIC
The strain calculated in all the units described in section 6.2
can be geometrically related to the structures of the second deformation.
Strain markers are flattened within the S^ cleavage, plunge
parallel to D^ fold hinges and lineation and are deformed by D^ .
The presence of an earlier deformation in these rocks could only 
be detected in this analysis if it were non-coaxial to D^, for 
instance by use of the techniques of Roy and Faerseth (1981).
However, the effects of the D^ deformation seen elsewhere on Sygne- 
fjell are nearly coaxial to those of D^ and thus the separation 
of the amount of strain of each phase is not possible - where they 
occur together (except in F^ noses) D^ will merely accentuate D^  
strain. The Vassenden Conglomerate shows no evidence of F^  (Chapter 
4), but the low strain does allow the identification of a pre-Dg 
fabric; in the absence of D^ effects this is inferred to be 
sedimentary. The long axes of the deformed clasts fluctuate.
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indicating that they were neither spherical nor axially aligned prior 
to deformation. This non-sphericity (initial shape ratio = Ri) 
can be defined by constructing Rf 0 graphs, after Ramsay (1967). These 
are shown in figures 6-3 and 6-4 for the localities 3,4,6, and 7. At 
two of these, 3 and 6, Rf0 graphs are presented for the XY plane and
two joints at a high angle to this, but in a random attitude to the
principle strain axes. For locality 4 Rf0 plots are presented for all 
three principal strain planes and at locality 7 for the XY and YZ planes.
Rf0 curves from Dunnet (1969), giving a best fit to the calcualted tect­
onic strain (see back), have been overlaid on these graphs, symmetrical 
about a line defining mean 0. These curves represent contours of Ri 
values. The line representing the trace of bedding on each joint surface 
(except the XY plane - where it could not be determined) is also dotted 
on figs 6-3 and 6-4. In this form the graphs demonstrate three import­
ant features -
(a) Analytical points have an approximately even distribution - a 
broad range of Ri values is present.
(b) Rf0 graphs of the XY cleavage plane show initial shape ratios in 
almost all cases of less than 1.5:1. The graphs of the other joints 
at a high angle to cleavage and bedding (which is within 5° of 
cleavage in orientation) show greater Ri values, often exceeding 
2:1. These greater values are similar irrespective of the strike
of the high angle joint - compare the XZ and YZ planes of locality 
4, figure 6-3 for example. Together these factors suggest that 
prior to deformation these clasts were flattened ellipsoids 
with a weak shape fabric, their two longer axes lying close 
to bedding in orientation, and the shorter axis therefore perpend­
icular. A mean axial ratio of 1:1:0.65 may be estimated from the 
Rf0 graphs.
(c) The graphs are approximately symmetrical about the trace of 
bedding showing that the ellipsoidal sedimentary clasts, 
initially above, had an in/tially symmetrical distribution within
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bedding i.e. they were not imbricated, as shown by Dunnet and 
Siddans (1971, but see criticism of De Paor 1980). Rather they 
lay in an approximately random fashion, but in the position of 
greatest stability.
At each locality in the Vassenden Conglomerate the size of the larg­
est measured strained clast (taken to represent a section through the 
clast centre) was used to construct the equivalent ellipsoid, using 
the calculated D^ strain for that locality (section 6.4.2.). This 
was then "unstrained" to deduce the diameter of a sphere of 
equivalent volume. These diameters varied from 6 to 10cm. By 
similar methods the "unstrained" clasts of the Basal Conglomerate prove 
to have diameters up to 5 cm.
6.5.2. Dg STRAIN
On the Rf0 graphs of joint faces at a high angle to the Sg cleavage 
and bedding (figs 3 and 4) mean 0 is always within 5° of the trace 
of the Sg cleavage. Similarly the graphs of data from Sg planes 
show mean 0 to be within 3° of the mineral lineation (L^) on cobble 
surfaces. This provides evidence that these fabrics are very close 
in attitude to the XY plane and X axis respectively of the Dg finite 
strain ellipsoid. The strain calculated in these principal directions 
by the methods described in sections 6.2 and 6.3 are given in table 
6rA.
They are also presented graphically on a Nadai plot (Nadai 1963, 
Hossack 1968) in fig 6-5. The broad pattern of analytical points 
indicates a movement with increase in natural strain.
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(Es) from the flattening (+V) to the constructional (-V) field. A 
variety of strain markets are represented on this plot and the diffic­
ulty of making direct comparison between them is illustrated by the 
contrast in plotted position of samples 4 and 4a, of quartzite and
slate clasts respectively, from the same exposure of Vassenden Conglom­
erate. A comparable variability has been noted in other studies (e.g. 
Hambrey and Waddams 1981). Similarly the wide range of undeformed
pillow lava shapes is well documented, e.g. Wells et al (1979). The
deformed pillows can not be taken as a reliable measure of finite 
strain parameters (Borradaile and Poulsen 1981). This may explain 
the rather anomalous strain state of the two pillow lava samples,
17 and 18, on fig 6-5. For comparison these are shown on the Nadai 
plot of fig. 6-6 with the fields of deformed pillows in the Alps and 
a greenstone belt.
The quartzite clasts in the Vassenden Conglomerate should allow valid 
comparison to be made. At Vassenden itself (see fig 6-1) samples 1,
2, 3 and 4 were collected 10, 60, 90 and 120m above the tectonic base 
of the unit, where a low angle fault separates it from underlying 
graphitic schist. These localities record an overall decrease in Es 
away from this junction (table 6-A), and accompanying this V  values 
move from the constrictional field (-0.049) into the flattening field 
(0,209). The basal fault post-dates the conglomerate strains (sections
4.4 and 4.5) and this change from the flattening to the constrictional 
field may then be related to the increasing proximity of the major F2 
fold axis postulated from cleavage/bedding and younging relationships 
north of Hoyrok (GR 504 356), and shown on fig 6-1. A similar change 
in the intensity of elongation of cobbles was observed in minor F2 
structures in the conglomerate, which also showed more prolate cobbles
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in the fold hinge region (section 4.4).
The Vassenden Conglomerate strains increase westwards towards Hoyrok, 
reaching their greatest value (Es = 1.41) at locality 7, the closest 
to the postulated major F2 axis (fig 6-1). This is also further into 
the constrictional field { V  = -0.218) than at any other analysed pos­
ition in the unit.
The strain in the Vassenden Conglomerate is quite low. This may explain 
the preservation of bedding oblique to cleavage, and the incomplete 
rotation of F2 fold hinges into the direction of maximum finite exten­
sion (Chapter 4). Along strike to the south-west, outside the area 
mapped, primary features are also preserved in the Turtagro Metavolcan- 
ics'. - pillow lavas and amygdales. The finite strain in this, and the 
Helgedalen Meta-greywackes, is somewhat lower than in the Vassenden 
Conglomerate, especially if the controversial Es values derived from 
the pillows (see back) are not considered. Between these two areas lies 
the Sygnefjell plateau itself and strains recorded here, from the 
Basal Gneisses and Sygnefjell Meta-arkose (table 6-A), are mostly 
higher than to the north-east and south-west. That this increase is 
not wholly a facet of ductility contrast, or other variable, but 
represents greater overall flattening in the rocks of the Sygnefjell 
plateau is substantiated by their loss of the primary features seen 
elsewhere. Nonetheless, gabbros and monzonites of the Jotun Nappe 
Igneous Complex show only few signs of this intense deformation. They 
are transected by narrow ductile zones of simple shear. The shear 
strain (2f) in these can be estimated by the ^-mapping technique of 
Ramsay and Graham (1970). These zones have an internal fabric assumed
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to have initiated at 45° to their margin and, with increasing , to 
have rotated to take on a sigmoidal shape, accoring to the relationships-
tan 2 9  =  ^  where  ^is the fabric/zone margin angle 
0
This is shown for the zone of plate 8-2 in fig 6-7. ^ reaches 18.3 
in its centre. Shear strain has also been calculated for a simialr 
but narrower zone in weakly flattened Dyrhaugan Gneisses at the base 
of the Sygnefjell Greenstones (GR 4482 2782). The displacement 
of a second gabbro body across it was used to estimate ^ to be 10.6 
overall.
6.5.3. POST-Dg STRAIN
Four deformation phases were identified as post-dating (chapters
4 and 5). The effects of the last two of these are minor:- D, and D..
5 6
More intense and pervasive mesoscopic structures developed during 
and and may have some effect on this analysis:-
(a) D^. During the third phase of deformation the Sygnefjell succession
underwent compression along a NW-SE axis, producing the shortening 
accommodated by folds and faults. This axis therefore roughly
parallels the maximum finite extension direction of , which 
may, then, be reduced in areas of strong deformation. However, 
the refolded pebbles measured in such areas, where folding is 
intense (localities 1,2 and 5) record finite strains comparable 
to those of localities with no folding. There is therefore 
no evidence of modification of the finite strains calculated
in this analysis.
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X Y Z X
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Y Z Es V
1 2 . 5 2 1 0.45 + 1 4 4 . 3 - 2 . 8 - 5 7 . 9 1.25 - 0.05
2 2 . 2 3 1 0 . 3 8 +136.2 + 6 . 0 - 60.1 1.26 0 .J.0
5 2 . 0 7 1 0 . 5 8 +125.3 +8.7 - 59.2 1.21 0 . 1 4
4 1.76 1 0 . 4 2 + 94.2 + 10.3 - 5 3 . 5 1 . 0 2 0 . 2 1
4a 1 . 8 6 1 0 . 2 0 + 1 5 8 . 7 + 3 9 - 4 - 7 2 . 3 1 . 60 0.45
5 2 . 2 8 1 0 . 4 6 + 1 2 5 , 3 - 1 . 4 - 55 . 0 1 . 14 - 0 . 0 3
6 2.65 1 0 . 4 2 + 156.7 - 3 . 3 - 5 9 . 7 1 . 2 8 - 0.05
7 5 . 5 9 1 0 . 4 6 +189.4 - 13.3 - 60.1 1 . 4 i - 0 . 2 2
8 2.  33 1 0.39 + 139.4 + 2 . 8 - 5 9 . 5 1.25 0.05
9 7 . 46 1 0 . 2 7 +495.9 - 2 0 . 4 - 7 8 . 8 2 . 3 7 - 0 . 2 1
1 0 4.  78 1 0 . 4o + 2 8 5 . 0 - 19.5 - 67.7 1.77 - 0.26
11 5.45 1 0.56 +176.9 - I 9 . 8 - 55.0 1.52 -  G. 3 6
12 1 . 8 0 1 0.30 +106.7 + 1 4 . 7 - 5 7 . 8 1 . 14 0.26
13 5.43 1 0.47 +296.9 — 26 . 9 - 65.5 1.77 - 0.39
l 4 2 . 34 1 0.47 + 127.1 - 5.2 - 54 . 5 l . l 4 — 0 « 06
15 1.  51 1 0 . 65 + 5 8 . 2 + 5.2 - 31 . 2 0.50 0 . 2 2
l6 1.15 1 0.34 + 5 5 . 9 +  57.  9 - 5 5 .  5 0.94 0 . 8 0
17 2.  06 1 0.22 + 168.5 +  30 . 2 - 71 . 4 1,62 0.35
18 1 . 16 1 0 . 27 +70.9 + 46 .  8 - 60 . 2 1.15 0.79
Strain determined from deformed objects. 
Further details in appendix 3» T A B L E  6 - A
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(b) D^ . Post-thrusting vertical gravitational shortening of the nappe
sequence has produced sporadic folds of pre-existing steep fabrics 
and bodies. This flattening may be expected to be more intense at 
structurally lower levels. In the Vassenden Conglomerate at GR 5398 
3767 a steep quartz vein cross-cuts an interbedded psammite and 
conglomerate sequence :- see plate 6-1. As the photograph shows the 
quartz vein is thin and straight in the conglomerate units, but becomes 
thickened and folded in the psammite beds. These folds are in age, 
refolding crenulation cleavage. Away from the quartz vein the
flattening, calculated to total 54.3%,is largely cryptic. The conglomer­
ate thus shows no evidence of this late strain, but it may accentuate 
D strain in less competent beds (such as the psammite), being approxim­
ately coaxial to D^.
6.6 CONCLUSIONS
A weak sedimentary fabric existed in the conglomeratic horizons of the 
Vassenden Conglomerate prior to deformation. The cobbles lay as flattened 
ellipsoids with their shortest axis perpendicular to bedding. In the strained 
state cobbles show a systematic variation in shape as they approach the 
binge region of a major anticline (when unfolded) within the conglomerate 
“ they become more prolate. The writer believes this change to be attrib­
utable to the superimposition of tectonic strain on the pre-existing 
sedimentary fabric (see section 4.4).
Strain in the conglomerate show a general increase westwards, this inc- 
rease continuing into the rocks of the Sygnefjell plateau. The lack
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(i.e.loss) of primary features in many of the plateau rocks is inferred 
to be a reflection of the greater amount of deformation. One facet 
of this loss is inferred to be the destruction of potential strain 
markers. Southeastwards along strike measured strain again decreases
Post-D^ effects on finite strain parameters are limited, with the 
exception of flattening in less competent units.
■
Plate 6-1, Vassenden Conglomerate, GR 5^03 3762. 
Vertical joint face showing post-D^ ( cross cuts ) quartz vein 
refolded during D/^ . Folds only in psammite beds. Sg shallower than 
Adding. Ruler ?3cm long. View SW.
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CHAPTER 7
METAMORPHISM
7.1 INTRODUCTION
The wide range of mineral assemblages and textures in the rocks forming 
the Sygnefejll tectonostratigraphy can be related to both primary 
compositional variation and the secondary effects of metamorphic 
change. Several metamorphic events can be recognised,being distinguished 
by the recrystallization of old minerals and the crystallisation of 
new minerals, often in a new orientation. Each shows a close temporal 
and spatial association with a corresponding phase of deformation 
producing structures on a mesoscopic scale. Each phase of metamorphism 
tends towards the destruction of the mineral assemblages of previous 
raetamorphisms. That relics of the earlier assemblages persist reflects 
a general decrease in metamorphic intensity (i.e. the degree of 
recrystallization and re-orientation) with time and the fundamental 
heterogeneity of metamorphisms and related deformations which leaves 
"windows" of less pervasive alteration.
The characteristic mineral changes and associations, together with 
related mesoscopic structures, will be described for each metamorphism, 
beginning with the earliest.
7.2 M EARLY
The only evidence for this event is preserved in orthogneisses of the 
Basic Gneiss Complex. Refolded around the noses of earliest folds 
identifiable (F^) is a tectonic fabric defined by bands alternately
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rich in hornblende and quartz/feldspar - see plate 4-1. This banding 
has been designated S early (Chapter 4) and the metamorphic event during 
which it formed M early. Unfortunately can be distinguished only 
rarely, and away from these fold noses M early effects are more cryptic. 
However, the more common cleavage (S^) can also be used as a marker 
to identify pre-existing mineral phases. In ths way porphyroclasts of 
hornblende (cx yellow/green, p green  ^dark green) can be shown to be 
earlier than S^, which refracts around them and are therefore part of the 
M early metamorphic assemblage. They are occasionally poikilitic with 
numerous small inclusions defining planar trails oblique to the enveloping 
S^ . This is shown in plate 7-1 and the helicitic fabric is interpreted 
as S early. The alternative explanation, that this is overgrown 
with later rotation of the enclosing grain, is rejected on the grounds 
that epidote, the dominant mineral in this particular specimen, 
is not a component of the helicitic fabric. Rather the inclusions 
are of green hornblende, quartz and green biotite. The other identifiably 
pre-S^ mineral is allanite. The lozenge or lath shaped crystals are 
usually metamict, brown, fractured and nearly isotropic, present in 
tiny amounts (mostly below the resolution of modal analysis, but combined 
with epidote where not, in tables 2-H and 2-1) in several thin sections 
from the Basic Gneiss Complex. It also occurs in the Felsic Gneiss 
Complex, and possibly is the sole evidence of M early outside the Basic 
Gneiss Complex. Allanite is a rather unusual metamorphic mineral and 
alternatively it may be argued to be a relict igneous phase from the 
parent rock to these orthogneisses. However, while this is feasible 
when found in intermediate or acid lithologies it is less likely in
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Plate 7-1. Basic Gneiss Complex, GR 4850 2706.
Helicitic hornblende ( in extinction ) of M early enwrapped by 
hornblende and epidote defining Sp Crossed polars X30.
:v.
Plate 7-2. Igneous Complex, GR 4-572 2385.
Gabbro with metamorphic coronas - corroded primary clinopyroxene 
enwrapped by uralite and Mg biotite. Plane polars X30.
177
basic gneisses, derived from gabbros, for allanite has not been reported 
in such igneous rocks (Smith et al 1957, Deer et al 1962). The 
assemblage of identifiable M early minerals therefore is:-
quartz - green hornblende - green biotite + allanite.
This association of minerals suggests the amphibolite facies of metamorphism 
or, perhaps, from the green colour of hornblende (Miyashiro 1973), 
the epidote - amphibolite (transitional greenschist - amphibolite) 
facies.
7.3
7.3.1. INTRODUCTION
was contemporaneous with the D^ deformation, during which new min­
erals grew in the plane of the cleavage. These were later variably 
overprinted by the coplanar cleavage ( of ~ see on) and so 
unequivocable separation of their respective mineral assemblages 
is only possible in the nose regions of D^ folds. Here the two fabrics 
(refolded and axial planar S^) are at a high angle - fig. 7-1.
The assemblage can be completely replaced by that of , but often 
this later alteration is less intense and minerals merely anneal 
and crenulate about D^ and so can be distinguished.
7.3.2. Ml IN THE JOTUN NAPPE
The minerals defining in the Basic Gneiss Complex are laths of 
hornblende ( yellow/green, p blue/green, 9" dark green), smaller
i? 8
somewhat elongate grains of iron rich epidote and dispersed sphene.
This is the fabric seen enwrapping helicitic hornblende in plate 7 - 1 .
The epidote (pistacite) forms a clear rim on M early allanite relics, 
as does clinozoisite in some thin sections, suggesting this also to be an 
phase. The hydration and alteration of allanite is accompanied by 
expansion (Deer et al 1962), creating the internal cracks noted in 
section 7.2. and often fracturing surrounding minerals. That the 
rims on allanite are intact implies that the mineral was metamict prior 
to their development. These minerals constitute mafic layers which 
alternate with laminae of quartz and plagioclase, the latter containing 
beads of poikilitic epidote and sericite. At least some of this plagio­
clase alteration took place during a later event (M^), together with 
replacement by albite, arid this is taken to indicate that during
the stable plagioclase was more calcic than albite. Very occasionally
plagioclase relics of Angg can be identified. It may also be 
speculated that the appearance of epidote as an important phase of
Sf/Mi (and its absence in S early/M early - see plate 7-1 and section
7.2) may itself be related to the breakdown and replacement of a yet 
more calcic plagioclase of M early.
A similar quartz - epidote - green hornblende association occurs in 
the basic members of the Felsic Gneiss Complex, either with a very 
slight preferred orientation or mimicking an igneous texture. This 
reflects the generally lower deformation in this unit when compared 
to the Basic Gneiss Complex. One specimen (t35, table 2-1) also contains 
subhedral to euhedral pale brown garnet in sharp contact with amiphibole 
aggregates (fig. 7-2) and so garnet is also inferred to be part of the
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paragenesis. In the more common intermediate gneisses amphibole is 
usually absent, garnet, epidote and green biotite being the identifiable 
minerals. The K-feldspars presently seen are microcline (which has 
re-crystallized in subsequent events) and perthite; the latter may be 
part of the paragenesis.
In the rocks of the Igneous Complex is seen as/mostly weak alteration 
of the original igneous mineralogy, with little or no fabric development. 
Pyroxenes, especially orthopyroxenes, are overgrown by knots of horn­
blende ( c< yellow green, p olive green andÜdark green) or rather 
fibrous uralite and poikiloblastic opaque grains and quartz. This 
leaves the amphiboles as ragged remnants surrounded by secondary minerals 
producing metamorphic coronas such as that in plate 7.2. Green biotite 
is an phase in monzonites, as it was in the Felsic Gneiss Complex.
It replaces brown igneous biotite. Plagioclase, which in its least 
altered state is of andesine/labradorite composition, is being replaced 
by epidote and sericite.
7.3 .3 . IN SUPRACRUSTAL ROCKS
Fg microfolds in the Sygnefjell Meta-arkose again allow refolded S^  to 
be distinguished, the assemblage thus discerned being quartz - green 
biotite - muscovite - epidote.
A similar set of minerals recrystallized during M^ (see on), so only 
occasionally can phases be recognized away from hinges. Inferred 
to be such an phase are small, well shaped, dodecahedral crystals of
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yellow/green ugrandite (Winchell 1958) garnet in a specimen of arkose 
(NCT 120, table 2-F) from the Upper Sygnefjell Greenstones. They are 
spread in a trail parallel to enclosing S^/M^ minerals, presumably 
granulated and recrystallized fragments of a larger grain. Zonal anis- 
otropism (although no interference figure could be derived) reveals 
sector twinning, perhaps as a response to strain (Deer et al 1962).
Evidence for in the parautochthonous metasediments is scarce, few 
microfolds, which provide a marker in the metamorphic chronology, 
being identified. A single specimen (T43) of Basal Quartzite contained 
trails of small dispersed garnet grains parallel to . These are 
slightly brown and skeletal, containing may quartz inclusions - see 
fig. 7.3 That post-dates these grains is deduced from its refraction 
about them, and the absence of muscovite and magnetite (the minerals 
defining S^) in a zone surrounding the garnets. This indicates that 
garnet growth (during ) caused local chemical depletion (of A1 and 
and Fe) prior to crystallization.
The metavolcanic rocks of the Krossho Formation and the Sygnefjell 
Greenstones have lost their original mineralogy. Much of this alteration 
can be ascribed to M^, but relics of green hornblende, similar to that 
of in the nappe rocks are preserved. They are enwrapped by the 
^2 foliation.
7.3.4 Ml INTERPRETATION
During the M^ metamorphism minerals crystallized and recrystallized, 
the platy ones in a planar orientation which defines the D^/S^ cleavage. 
Helicitic amphiboles show that at least in places had a different 
attitude to the overprinted fabric, S early. Where best shown, in 
the Basic Gneiss Complex, is epidote - sphene assemblage characteristic 
of the epidote - amphibolite (transitional greenschist to amphibolite) 
facies of metamorphism. Epidote is inferred to be derived as a 
retrogressive replacement of M early calcic plagioclase. Strong 
fabric development in the Basic Gneiss Complex contrasts with the 
effects of M^ in the Igneous Complex, where it is marked by the replacement 
of the original igneous mineralogy by disordered knots and rims of hydrous 
secondary minerals. Green hornblende - epidote - garnet again indicates 
amphibolite facies metamorphism. The original andesine/labradorite 
plagioclase is only weakly altered.
Where 5^ can be identified in the Sygnefjell Meta-arkose the M^ minerals 
are quartz - green biotite - muscovite - epidote. This is a green­
schist facies assemblage, but it can be inferred that the growth of 
higher grade minerals was locally inhibited by unsuitable chemistry, 
for elsewhere in the supracrustal sequence M^ relics of garnet and 
green hornblende are seen enwrapped by S^. Green hornblende is a 
mineral of the epidote - amphibolite facies; although the evidence is 
scanty the simplest hypothesis is that the same M^ event took place in 
the supracrustal sequence, and at a similar metamorphic grade, as that 
of Jotun Nappe. The presence of ugrandite garnet may be indicative of 
somewhat lower pressure. Outside the area mapped, to the north east,
2Ü3
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Plate 7“3* Basic Gneiss Complex, GR4638 2520.
sphene enwrapped by Mg Biotite and epidote defining S^. 
Note pyrite. Plane polars XI5.
Plate 7-4. Felsic Gneiss Complex, GR 460? 2490.
M 2 albite replacing saussuritized plagioclase, preserved as "islands". 
Grossed polars XI5.
2 8 '
metasediments correlatable with those described here become strongly 
garnetiferous, and this perhaps reflects a stronger influence.
The identification of minerals in the supposedly late Precambrlan 
to Cambro-Ordovician supracrustal rocks (see Chapter 2) constrains 
and all succeeding metamorphic events to be post Cambro-Ordovician in 
age.
7.4. Mg
7.4.1. INTRODUCTION
This metamorphism accompanied the Dg phase of deformation, Mg minerals 
growing to define a new planar fabric, Sg. Mg is seen throughout 
the Sygnefjell tectonostratigraphy, its effects being more pervasive 
in zones of intense Dg deformation. This confers a heterogeneity on Mg 
such that in units of low deformation, in particular the Igneous Complex 
of the Jotun Nappe, new crystallization is largely confined to discrete 
zones of Dg shearing. Elsewhere, for instance in the Sygnefjell 
Meta-arkoses, Sg is strongly developed throughout and Mg crystallization 
dominates the mineralogy. Dg/Mg processes may be classifiable as 
mylonitic, a point considered further in chapter 8 .
The pre-existing cleavage is folded and overprinted during Dg/Mg, 
angular relationships between S^  and Sg being preserved only in Dg fold 
noses and rare helicitic pods such as that of plate 4-2. This coplanar 
overprinting leads to the production of a composite D^  and Dg fabric
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(defined by and minerals) designated S^c.
7.4.2. Mg IN THE JOTUN NAPPE
In the Basic Gneiss Complex, (e.g. around G.R. 4791 2698) Dg microfolds 
deform the hornblende - epidote fabric of M^. The M^ hornblende 
laths sometimes anneal about the Fg hinges, implying that Mg conditions 
during fold formation were a continuation of those of M^. Mostly, 
however, Mg in the Jotun Nappe induces a retrogressive alteration 
of the M^ assemblage. M^ hornblende is replaced by biotite (green 
or green/brown) often with a strong parallel orientation defining Sg.
This is not the case away from Dg shear zones in the Igneous Complex, 
where green/brown biotite forms a rim on M^ amphibole derived from the 
alteration of igneous pyroxene as in plate 7 - 2 .  Both amphibole and 
biotite remain in sharp contact with epidote which recrystallizes in the 
place of Sg. It also occurs very occasionally as a second rim on the 
M early allanite and as a reaction phase between euhedral apatite 
and Mg biotite or albite. This apatite may in some cases be an igneous 
relic, but its euhedral shape in strongly deformed orthogneisses suggests 
subsequent recrystallization. M^ sphene may survive to be enwrapped by 
Mg minerals, such as that of plate 7 - 3 ,  but more often it recrystallizes 
into trails of Sg parallel grains. In more strongly sheared rocks 
sphene also occurs as rims on ilmenite grains, in particular where they 
are in contact with epidote. Where present, in intermediate rocks of 
the Igneous and Felsic Gneiss Complexes, M^ green biotite is replaced 
by green biotite of Mg e.g. in the fig. 8-1. Plagioclase undergoes 
replacement by epidote/sericite aggregates, albite, and, in more 
acid gneisses, microcline. In the latter two cases, the early 
plagioclase survives as "islands" of constant optic
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orientation in a sea of secondary minerals - plate 7-4. Plate 7-5 
shows the pseudo-perthitic texture that develops when the "sea" is 
microcline.
Apparently stable assemblages are quartz - albite - biotite - 
epidote - sphene in more basic rocks and quartz - microcline - albite 
muscovite in acid. In some specimens muscovite overgrows biotite, 
cross cutting the biotite laths at a small angle, while remaining a 
component in the cleavage. A single slide of sheared monzonite 
(NT 11 B,table 8 -A) contained a few small grains of schorlite 
(blue rims on buff brown cores) which from their position in a 
mylonite zone are inferred to be an phase.
7.4.3 Mg IN SUPRACRUSTAL ROCKS
Mg textures in psammites throughout the Sygnefjell succession are 
dominated by the behaviour of quartz and feldspar during deformation, 
as described in chapter 8 . However the main fabric, Sg, is formed by 
the orientation of mostly mafic minerals. Sg is defined by slightly 
pleochroic muscovite, with little biotite or chlorite, except in inter­
leaved schists. Epidote is only locally prominent in the Krossho 
Formation and as an exsolution phase from plagioclase. Feldspars 
show, to a lesser degree, similar textures of replacement and recry­
stallization to those described in section 7.4.2. While many grains 
are clastic in origin or replacements of clastic minerals (e.g. epi- 
dotized feldspars) others are at least partly blastic - for instance 
plagioclase is occasionally enwrapped by an epitaxial rim of albite.
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Plate 7-5. Felsic Gneiss Complex, GR 4-230 2413.
Pseudo-perthitic texture resulting from replacement of plagioclase 
by microcline. Crossed polars X30.
Plate 7-6. Sygnefjell Meta-arkose, Krossho Formation, GR 4609 2858.
2^ microfold, with 82 biotite fabric axial planar, refolded by Fj, Plane 
polars XI5.
289
Quartz undergoes plastic deformation and recrystallization, to develop 
the crystallographic fabrics described in section 8.5. The typical, 
apparently stable, Mg assemblage in these rocks is quartz - microcline - 
albite - muscovite - magnetite. Orange/brown schorlite is a very minor 
phase in parautochthonous Basal Quartzite, lying along S . Calcareous 
psammites contain an apparently stable assemblage of quartz - albite - 
calcite - muscovite.
In the basic metavolcanic rocks of the Krossho Formation and Sygnefjell 
Greenstones ragged M^  hornblende relics are replaced and enwrapped by 
Mg green biotites, the latter sometimes containing needle-like inclusions 
of tourmaline or rutile. At rare horizons in the greenstones actinolite 
rather than biotite is the dominant mafic mineral. Together with short 
epidote laths (up to 40% in the mode) these define a mostly rather poor 
Sg. Sphene develops as reaction rims on ilmenite and in Sg parallel 
trails. Feldspar is a proportionately minor constituent consisting 
largely of epidotized plagioclase relics with a few small grains of 
identifiable fresh albite. Subhedral apatite laths retain sharp, 
unaltered contacts with Mg biotite. The metavolcanics therefore have 
apparently stable Mg assemblages such as quartz - albite - green biotite - 
epidote and quartz - actinolite - epidote.
7.4.4 Mg IN THE BASAL GNEISSES
The Sg fabric of the cover sequence extends into basement for greater 
than 1 0 0 m, overprinting a more east - west trending gneissose banding, 
shown on the map of Banham and Gibbs (1979). Minerals commonly seen 
defining Sg in apparently stable assemblages (thus of the Mg age) are
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quartz - albite - epidote - biotite and quartz - albite - microcline - 
calcite - muscovite. The biotite (straw-yellow - brown/green) is the 
main cleavage forming mineral. Very pale yellow, slightly pleochroic, 
epidote occurs in quite large Sg parallel laths sometimes zoned towards 
a less iron rich margin, or with an epitaxial rim. In the latter case 
it is probable that the cloudy epidote cores are pre - Mg. Epidote is 
also a common replacement of plagioclase, which is often sericitized.
As in the rocks of the Igneous Group other replacement phases of this old 
plagioclase are fresh albite, microcline and quartz. Some porphyroblasts, 
of microcline in particular, are disrupted by Dg tension fractures and 
are inferred to be pre - or early - Dg in age.
7.4.5 Mg INTERPRETATION
Mg metamorphic effects are widely distributed. In the rocks of the 
supacrustal sequence Mg minerals, and the Sg fabric which they define, 
are the dominant mineralogical and structural components. A stable Mg 
assemblage can be determined which is indicative of metamorphism in the 
middle part of the greenschist facies, a retrogression from the conditions 
of M^  tentatively deduced from rather sparse pre - Sg relics.
A similar Mg retrogression of M^ can be better constrained in orthogneisses 
marginal to the Jotun Nappe. It is of a less pervasive nature than 
above, S^/M^.often surviving as the strongest component of SgC. The 
overprinting Mg assemblages again are of the middle greenschist facies, 
although there is evidence (the annealing of M^ hornblende about Fg hinges) 
of conditions initially being of a rather higher grade, a continuation 
of those of M^. In the Igneous Complex Mg effects are largely confined
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to Dg shear zones whose igneous textures and mineralogy (sometimes 
partially retrogressed during ) are transformed to a planar fabric 
of a mylonitic type - see chapter 8 . A close structural control of Mg 
by Dg is demonstrated.
Mg minerals in the Basal Gneisses suggest metamorphic conditions to be 
comparable with those of the cover sequence. No unequivocable evidence 
of an earlier metamorphism was found in the specimens examined, although 
some pre - Mg minerals could be distinguished. From an area to the 
north, further into basement, Banham (1968) showed the Basal Gneiss 
to have undergone pre - Eocambrian almandine amphibolite facies 
metamorphism.
7.5 M
7.5.1 INTRODUCTION
This metamorphic event is synchronous with the D^ over-thrusting (and 
associated folding) of the Jotun Nappe and underlying supracrustal nappes. 
Its effects are widespread but of a less pervasive nature than those of 
Mg. A new mineral fabric is produced, S^, which only locally transposes
®2 -
7.5.2 M^ MICROSTRUCTURES AND MINERAL CHANGES
The most obvious effects of the third deformation on the microscale are 
asymmetric upright folds which are observed refolding Dg isoclines and 
the penetrative Sg fabric. They thus have the same geometry as mesoscopic
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structures,as comparison of the photomicrograph of plate 7 - 6  with 
plate 8 - 8  demonstrates; both are from the Krossho Formation of the 
Sygnefjell Meta-arkose. In plate 7 - 6  the microfold is relatively 
open and the biotite laths defining S have annealed around the hinge; 
elsewhere muscovite is seen to behave in a similar fashion. In areas 
of more intense microfolding the short limbs of the asymmetric folds 
rotate with their integral micas into approximate parallelism to de­
fine a spaced (non-penetrative) crenulation cleavage. Again this 
is accompanied by annealing about the fold hinge and often, though not 
invariably, by the recrystallization of mica in the short limbs to over­
grow the rotated as in plate 7 - 7 -  This new, , biotite and muscovite 
has the same appearance as that of the overgrown (e.g. biotite body 
colour is the same). In certain lithologies with a fine mafic/felsic 
banding the cleavage is further accentuated by the depletion of 
the felsic component, especially quartz, in the short limb regions.
The presence of seams of opaque dust along these planes, shown in 
plate 7 - 8 , suggests quartz loss to be by pressure solution, causing 
the concentration of insoluble phases. In basic rocks amphibole relics 
of are further corroded by dissolution, sketched in fig. 7 - 4 - 
Where most strongly developed this combination of controlled zones 
of alternating mica orientation (short and long limb regions) and the 
selective loss of felsic minerals almost wholly transposes on the meso- 
8 cale, making an effectively penetrative fabric (shown in plate 7 - 8 ), 
although on the microscale is still prominent - see plate 7 - 9 .
The microstructures described above do not develop in mica - poor and mas­
sive lithologies because of their greater competence and lack of a fine 
cleavage to be folded. In rocks with a low and disseminated mica content
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Plate 7-7 . Vassenden Conglomerate, GR 3398 3766.
Semi-pelitic unit with S2 (ENE-WSW) defined by biotite, refolded by 
F3 crenulations with axial planar (MW-SSE) S3  biotite recrystallisation, 
Plane polars XI3 .
Plate 7-8. Psammitic Gneiss, GR 4378 25L5-
Transposition of sub-horizontal 82c banding by S3 . View RE.
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manifests itself as a regrowth of micas into the plane of .
This is well shown in the quartzitic envelope to the strongly crenulated 
biotite band in plate 7 - 7 .  It is also seen in lithologies devoid 
of mcirofolding. The photomicrograph of plate 7 - 1 0  shows a spec­
imen of mafic meta-arkose, taken from the Krossho Fromation at 
GR 4605 2827, close to the hinge of a major antiform. The mostly 
rather massive rocks in this area show little folding on a minor or 
microscopic scale, and the fabric is essentially planar, defined 
by bands alternately rich in quartz and epidote. Nonetheless micas 
can be clearly seen under the microscope (plate 7 - 10) defining the 
cleavage, at a high angle to and axial planar to although no 
cleavage was seen in hand specimen. It is not seen in slides of 
similar rocks further from the fold hinge. In the previous examples 
biotite (both brown and green) and muscovite are the minerals 
which recrystallize into , with occasional parallel epidote laths.
The latter may be due to rotation of Mg minerals, and the degree of 
epidote crystallization is difficult to determine. Where 
microfolds are well developed, and epidote content is high, a weak 
Sg parallel banding develops between zones richer and poorer in small 
equant epidote grains. The grains concentrate into F^ shorter limb 
regions, but this seems to be only apparent, a result of the depletion 
of other phases (especially quartz) rather than crystallization of 
epidote. The existence of late- or post-D^ quartz-rich solutions is 
inferred from the numerous quartz veins which occur along planes 
(plate 4 - 14).
Mg recrystallization can also occasionally be identified along minor 
Dg dislocations, with the development of a fine, highly sheared.
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Plate 7-9. Graphitic schist, GR3389 3786.
Partial transposition of S 2 (ENE-WSW) biotite/muscovite fabric 
by with pressure solution seams. Plane polars XI3.
Plate 7-10. Sygnefjell Meta-arkose, Krossho Formation, GR4603 2827. 
Semi-pelite with biotite/epidote of ^  (ESE-WNW) overgrown by 2^ biotite 
(NE-SW). Plane polars X30.
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schistose band comprising greenschist minerals. An example is shown 
in plate 8 - 1 ,  these being the middle limb my Ionites described in 
chapter 8 . That some Dg thrust faults are marked by the production of 
a fine cataclastic gouge which has not subsequently annealed is taken 
to indicate that they are a late event in the third deformation, pro­
duced at a higher strain rate than the middle limb myIonites.
7.5.3 Mg INTERPRETATION
Evidence for Mg can be distinguished throughout the area mapped. It 
is characterized by the regrowth of biotite and muscovite (and possibly 
minor epidote) into the plane of a new cleavage, Sg. It is accompanied 
by the dissolution of earlier quartz, plagioclase, microcline and horn­
blende, creating pressure solution seams. The recrystallized minerals 
indicate that Mg occurred under pressures and temperatures of the 
greenschist facies of metamorphism. Sg is a crenulation cleavage, the 
crenulations verging on major folds to which Sg is axial planar. Mg 
effects are most intense in micaceous rocks contorted by Dg folding.
7.6 M, 
4
The M^ metamorphism is coeval with the phase of deformation, and 
again the metamorphic effects are manifest by the (limited) regrowth of 
minerals into the plane of a new cleavage, S^. This is a sub-horizontal 
crenulation cleavage, axial planar to mesoscopic folds, developing in 
zones of steep S^c. Where the earlier fabric is shallow, S^ is absent 
and M^ cryptic without the structural marker.
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Only a few specimens of were obtained, plate 7 - 1 1  being a
photomicrograph of one of these. In this example is defined by
muscovite and subordinate biotite, the latter partially overgrown by
chlorite. Muscovite anneals around the noses of the D, microfolds and
4
in places recrystallizes to define , approximately perpendicular to 
the trend of S^; this is shown in plate 7 - 1 1 .  Although the meso­
scopic folds are symmetric (see Chapter 5) the microfolding, especially 
where tigher, has a degree of asymmetry (verging on the larger structures) 
which, as during the development of Sg promotes the tendency of one 
limb set to rotate into sub-parallelism. Biotite does not recrystallize 
in a manner comparable to muscovite and, particularly where the cleavage 
is well developed, is lost along the 5^ planes of muscovite recrystal­
lization. The relationship of the micas is demonstrated more clearly 
in the sketch of fig. 7 - 5, in which the biotite is replaced by 
green chlorite along the 8^ foliae defined also by syntectonic muscovite. 
From this it is inferred that biotite is not seen to anneal or grow 
during because it was unstable in the prevailing metamorphic 
conditions. Generally recrystallization is of limited extent and 
weak, created by the alignment of microfold limbs and feeble seams 
of opaque grains, visible in plate 7 - 11. These seams suggest some 
pressure solution of felsic minerals has taken place parallel to the 
cleavage (as was inferred for Sg), although locally the seams are 
probably enhanced by the exsolution of iron ore during the selective 
replacement of biotite by chlorite.
The mostly gentle effects of makes the response of other minerals 
rather conjectural. Fig. 7 - 6 is a sketch of a fresh albite lath which 
appears to have fractured during F^ microfolding. Similar brittle
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Plate 7-11. Mafic Gneiss, GR 4jl6 2697.
Schistose unit with N-S Sg refolded by R^crenulations with weak axial 
planar (E-W) muscovite and chlorite recrystallisation. Plane polars X30.
*
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behaviour was seen in plagioclase during (in shear zones) but 
strain rate and amount was much higher, producing a mylonitic S_ 
fabric - see chapter 8. During Dg/Mg no such brittle deformation was 
seen, except along thrust faults.
The instability of biotite during M^, with the recrystallization of 
muscovite - chlorite indicates that this less pervasive event is retro­
grade from Mg. Nonetheless the M^ minerals are characteristic of con­
ditions within the greenschist facies of metamorphism.
7.7. M^
Unlike the metamorphic stages previously described M^ is not associated 
with a developing cleavage. Rather the characteristic minerals formed 
grew preferentailly in joints opened as a result of basement reactivation 
during . The form and orientation of these mineralized joints is des­
cribed in chapter 5. Within them is a green chlorite with slightly 
oblique extinction and, sometimes, anomalous blue interference colours.
This is clinochlore. It occurs mostly in small (0.02 - 0.5 ram) 
sub-polygonal grains, although radial aggregates also form. Growing 
with it are similar small equant grains of quartz and larger calcite 
crystals, either interstitial or enclosing the quartz and clinochlore as 
poikiloblastic inclusions. The veins also contain a variable amount 
of country rock fragments, derived from the vein walls. A disproportionate 
number of these are of feldspar, suggesting the quartz wall-rock debris 
to have gone into solution. That the clinochlore in the veins is derived 
from the surrounding country rocks there is no doubt. The veins are
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almost invariably surrounded by a zone of mafic depletion of variable 
intensity and size (fig. 5 - 4  and plate 5 - 6 ) .  The leaching of 
these components implies chemical mobility over distances up to 
10 cm or more, presumably assisted by considerable passage of sol­
utions -
Away from the clinochlore veins biotite of the early metamorphisms 
extensively undergoes partial replacement by green chlorite, a 
process begun selectively along cleavage planes during This
chlorite usually has straight extinction and thus may not be clino­
chlore. It does not regrow in a new orientation but rather 
topitaxially replaces the biotite, especially along cleavage planes, 
often enclosing iron ore exsolved during the overgrowth. This is 
seen throughout the tectonostratigraphic sequence. hornblende
is also replaced by chlorite. The overgrowth of actinolite by 
talc, in actinolitic units of the Sygnefjell Greenstones, may 
similarly be an feature. Pyrite is also identifiable as a late 
phase in many thin sections, particularly in the Bovertun Meta­
limestones, forming subhedral to euhedral grains overgrowing the
and Sg cleavages; its relationship to S^ could not be determined. 
Similar grains also occur within the clinochlore veins of Mg, from 
which pyrite is inferred to be part of the Mg assemblage.
In conclusion the mineral phases that appear to be stable during Mg 
are quartz, chlorite, calcite, talc and pyrite; these either cry­
stallize in newly opened veins or replace earlier metamorphic 
assemblages. They are indicative of metamorphism in the lowest 
part of the greenschist facies. The Mg event is the last stage in 
the general retrogression of the M^ paragenesis.
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7.8 DISCUSSION
Six metamorphic events have been recognized, each characterized by the 
growth of new minerals (usually in a plane of cleavage) which replace 
the primary mineral assemblage and those of earlier metamorphisms. 
Mineral replacement and neocrystallization are essentially retrograde 
through these six events, and define a Harrovian sequence:- garnet 
grade to biotite grade to chlorite grade. The stable assemblages 
typifying each event are not conducive to the rigorous determination of 
temperature or especially pressure. Broad P-T estimates can be derived 
from the literature on Harrovian sequences in the Dalradian. Two 
examples are shown in fig. 7 - 7  and it is assumed that the Sygnefjell 
rocks followed comparable P-T gradients.
The earliest recognisable metamorphic event, M early, took place in 
the amphibolite (or possibly the epidote - amphibolite) facies and 
can only be identified in the peripheral orthogneisses of the Jotun 
Nappe. The second metamorphism in these rocks, , produces a strong 
banding defined by minerals characteristic of the epidote - amphibolite 
facies. It is probably retrogressive from M early, which it largely 
overprints. There is also sparse evidence for in the supacrustal 
nappes and parautochthon; occasional garnet grade (upper greenschist 
facies) and possibly epidote - amphibolite facies relics are seen. , 
and subsequent metamorphisms, are therefore implied to be of a Cale­
donian (i.e. post Cambro-Ordovician) age. The apparent absence of the 
effects of M early in these rocks can be explained in two ways:-
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(i) All metamorphisms are of Caledonian age, but the
Jotun Nappe has a more complex Caledonian history, 
with some deformation pre-dating that in the supra- 
crustal nappes. One facet of this may be the more 
intense nature of in the Jotun Nappe.
(ii) Nearly correlates with pre-Caledonian metamorphism.
This is reported elsewhere from the "peripheral 
group" (Battey and McRitchie 1973) of the Jotun 
Nappe e.g. in the Mjolkedola Purple Gabbro 
(Emmett 1980) which has an early phase in the 
amphibolite (Battey 1965) or perhaps low granulite 
(Emmett 1980) facies. This may be the 900 Ma 
metamorphic event identified by the geochronological 
work of Scharer (1980).
No conclusive evidence was seen in support of either hypothesis. In 
the first case their record of different early Caledonian events 
implies initial separation of Jotun Nappe and supracrustals, prior 
to their being moved into juxtaposition by the time of M2 , after which 
they have a common metamorphic history. There is no evidence of any M^ 
structures capable of producing this transport, and the presence of 
Precambrian arkosic cover rocks in stragigraphic contact with 
"peripheral group" Jotun crystallines on the hill Gronsennknipa 
(Hossack 1972) and elsewhere argues that at least locally the units 
were conjoined prior to the Caledonian orogeny. They would then be 
expected to have comparable Caledonian metamorphic sequences. The 
writer therefore supports the second hypothesis that, in agreement 
with the regional geological history, the Jotun Nappe in the 
Sygnefjell area has a Precambrian metamorphic history, and that the
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M early banding and mineral growth are vestiges of this.
From Mg onwards the Jotun Nappe, supracrustal nappes and basement 
preserve a similar record of Caledonian metamorphic events, shown 
diagrammatically in fig. 7 - 7 .  Mg produces a penetrative fabric 
throughout the supracrustal sequence and in the upper 1 0 0 - 150 m of 
basement. However in the Jotun Nappe its effects are strongly controlled 
by structural features, often being confined to discrete (Dg) shear 
zones, outside of which earlier mineral assemblages (both primary and 
metamorphic) predominate. This is particularly noticeable in the Ig­
neous Complex. These differences (during M^ and Mg) in metamorphic 
intensity between the Jotun Nappe and underlying rocks are diagram­
matically shown in fig. 7 - 8 .  Following the D^/M^ regeneration of 
overburden by the overthrusting of the Jotun Nappe, metamorphic con­
ditions wane, but persist in the greenschist facies, during M^ and 
. Structural evidence presented in chapter 5 suggests these 
events to follow on rapidly from nappe emplacement and the waning P - T  
to reflect the stripping of overburden, perhaps in part tectonically. 
These changes with time are represented in fig. 7 - 8 .
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CHAPTER 8 
MYLONITIC ROCKS
8.1 INTRODUCTION
Four phases of deformation in the Sygnefjell rocks are associated with the 
production of penetrative fabrics - D early, D^, Dg, and D^. Those of the 
latter are of minor significance. The fabrics of the earlier three 
deformations are coplanar, causing difficulty in unequivicably identifying 
their individual effects in the field. They are therefore given the 
general notation S2c. This is seen in all units of the area mapped, and 
is usually the dominant fabric visible in hand specimen.
During the course of this work it was observed that these fabrics often 
show mesoscopic and microscopic features accompanying development of a 
strong foliation accompanying grain size reduction by ductile crystalline 
deformation described in the literature as characteristic of mylonite 
zones (Christie 1960, Higgins 1971, Bell and Etheridge 1973, Nicholas 
and Poirier 1976). These features are best shown in quartz and feldspar 
rich rocks, upon which the following discussion of them will concentrate. 
Several modes of origin can be deduced for the Sygnefjell my Ionites from 
their mesoscopic occurrence. These will be described before consideration 
of fabrics and textures.
8.2 MESOSCOPIC OCCURRENCE 
8:2.1 MIDDLE LIMB MYLONITES
The rare D^ mylonites are all of this type. They develop form the simple 
shear of the short overturned limbs of folds. In plate 8 -1 such 
an intensely foliated zone in dark, fine orthogneiss is accompanied by 
brittle displacement in the competent quartzo-feldpathic horizon - a
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forelimb thrust.
8.2.2 SIMPLE SHEAR ZONE MYLONITES
These are classical shear zones in the sense of Ramsay and Graham
(1970), being planar bands of high strain with a sigmoidal internal foli­
ation reflecting the sense of transcurrent movement. An example is 
show in plate 8 . 2 and they are described in section 4.4.4,
8.2.3 fault mylonites
An association exists between some zones of mylonitic fabric and thrust
faults. This is particularly clear in the Jotun Nappe monzonites
(e.g. about G.R. 4568 2614) which become strongly foliated at their lower,
thrust, contact with the Basic Gneiss Complex. The fault is later,
cross-cutting the monzonite foliation. It may be that this is a large
zone of the simple shear type (section 8 .2 .2 .) in which displacement
is accommodated by brittle failure at higher crustal levels i.e. as
modelled by Sibson (1977). Plate 8-3 shows this on a small scale
in Jotun Nappe gabbro . A simple shear zone in the darker of the two
gneisses is cross-cut by a later fault which has transported a more felsicrock.
8.2.4 PURE SHEAR ZONE MYLONITES
The offet of a pre-existing structure can occasionally be used to show
that narrow zones of high deformation developed as a result of pure
shear stress. An example is the pegmatite in plate 8-4 which becomes
contorted into isoclinal folds, with intense limb attenuation, as it
passes into a shear zone, but is not refracted away as would be expected
if simple shear were the deformation mechanism. The folds are symmetric
in  r»1 flno  artA fb o  1 o n i  no- s n r fa r # »  n f  thp. ■Fol d t r a i n  i s  ,
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Plate 8-1. Granitic Gneiss, GR 4412 2778.
D3 forelimb thrusts along which occur fine mylonite bands. View E,
Plate 8-2. Igneous Complex, GR 4787 2677.
Monzonite transected by steep D£ shear zone. Note c and s planes. View NNE.
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Plate 8-3 Felsic Gneiss Complex, GR 4649 24l8.
Intense fabric at margin of gabbroic pod refracts towards faulted 
contact with intermediate gneiss. Refraction indicative of northerly 
transport. View W.
Plate 8-4. Igneous Complex, GR 4633 2398.
Pegmatites become isoclinally folded in zone of pure shear. Note 
folding in two axial directions dependent on pre-deformation attitude. 
View S.
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perpendicular to the axial plane. A similar fold geometry in other 
zones of high strain can be used to infer the operation of pure shear.
8.2.5 CONTACT MYLONITES
These occur as the result of strain concentration at the boundaries 
between lithologies inferred to have a competence contrast. As with 
the simple shear zone mylonites they are most obvious in the generally 
little deformed igneous rocks of the Jotun Nappe (plate 8-5) or the 
Dyrhaugen Gneiss (plate 8-6), where they take the form of a narrow band 
of shearing in both juxtaposed units, being more intense in the finer 
or more mafic. Although demonstrable only on a small scale on Sygnefjell 
they may be an important means of strain localization into specific units.
A similar process has been described on a kilometre scale by Myers 
(1978) and Hopper (1980).
8.2.6. REGIONAL MYLONITES
Broad areas occur over which the mesoscopic and microscopic fabrics 
show mylonitic fearures, such as through much of the Sygnefjel 1 Meta- 
arkose. For these, the bulk of the Sygnefjell mylonites, direct evidence 
for the process of generation is lacking. It may be that one of the 
processes described previously was dominant in their formation, and this 
will be discussed later.
These rocks do not conform to the usual description of mylonites (Lapworth 
1885, Higgins 1971, Bell and Etheridge 1973, Sibson 1977) in that they 
are not confined to narrow zones, nor are they obviously fault associated. 
Hopper (1980) referred to similar rocks on Osteroy as regional mylonites.
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Plate 8-3. Dyrhaugan Gneiss, GR4482 2781.
D2 simple shear and contact mylonites. View S.
^^ late 8-6. Felsic Gneiss Complex, GR 4493 2433*
Gabbroic lense becoming sheared at contact with intermediate gneiss, 
which remains weakly deformed with transecting basic dyke. View NW.
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8.3 MESOSCOPIC FABRIC
8.3.1. PLUTONIC IGNEOUS ROCKS
With progressive shearing of homogeneous rocks such as the Jotun Nappe
mozonites and gabbros a general reduction in grain size is accompanied
by the recrystallization of new minerals, especailly phyllosilicates,
within a developing cleavage (Sg^)-see chapter 7. This refracts around
porphyroclasts of early feldspars which define elongate rods (LI) and
where numerous give an augen texture. Pyroxenes and amphiboles, being
replaced by boitite, can also form porphyroclasts. At higher strains
the porphyroclasts become increasingly fragmented and spread out in
the cleavage to give a fine, laterally continuous banding, this probably
being accentuated by chemical segregation (see section 8 .6 ). A
new rock is effectively formed, original textures being presrved only
in discrete ellipsoidal pods of lower deformation, about which cleavage
and banding refract (plate 8-7). These are described more fully in Chapter 4,
Heterogeneous parent rocks such as those of the Basic Gneiss complex 
become texturally homogenized. Igneous contacts, xenoliths, dykes and 
pegmatites are rotated to form a broad gneissose banding parallel to 
cleavage. This rotation is in part accomplished by folding and numerous 
isoclinal folds are seen. On the scale of a single lithological compon­
ent the textural development previously outlined is followed.
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8.3.2 QUARTZO - FELDSPAllIIC SUPRACRUSTAL ROCKS
Unlike the igneous rocks described above, distinct areas of low strain 
preserving early characteristics are not easily identifiable. The impure 
psammitic rocks of the Sygnefjell Meta-arkose, Sygnefjell Meta-volcanics 
and Psammitic Gneiss have a laterally persistent layering on a millimetre 
to centimetre scale between quartzose and proportionally subordinate 
phyllosilicate rich bands. This may be tectonized bedding and coplanar 
pebble bands are sometimes seen. The phyllosilicates define a cleavage 
parallel to this layering. Feldspar clasts become flattened into elongate 
rods defining L^. Where the banding is at its most intense, especially 
in the Psammitic Gneiss, quartz segregates into ribbons. Isoclinal 
folding is common and an example is shown in plate 8 - 8 from the Krossho 
Psammites. The Basal Quartzites have a more massive and unfoliated aspect 
reflecting their higher quartz content. Changes in grain size and mica 
content can produce a regualar but diffuse banding. They are often a 
grey/blue colour.
8.4 MICROTEXTURES AND STRUCTURES OF SELECTED ROCKS
8.4.1 JOTUN NAPPE MONZONITES
A sequence of three specimens was collected in a sixteen metre traverse 
downwards through the fault zone mylonite basal to the Jotun Nappe 
monzonites at G.R. 4631 2562, described in section 8.2.3. They show an 
increase in fabric intensity (.’.strain?) towards the underlying thrust, 
representing (following the classification of Sibson 1977) country rock, 
protomylonite and mylonite. The protomylonite was cut by a narrow zone 
of ultramylonite. The microscopic textures of each of these groups will 
be described.
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Plate 8-7* Basic Gneiss Complex, GR 4440 2397. 
Helict gabbro pod in basic gneiss. View SW.
#:
“i'îSïii#
ilate 8-8. Sygnefjell Meta-arkose, Krossho Formation, GR 4634 2893. 
bjc compositional banding. Note numerous isoclinal folds and "cross­
bedding" - S^cleavage. View E.
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(a) COUNTRY ROCK NOT VISIBLY DEFORMED - a modal analysis of this rock
is given in table I. Large (< 5mm) albite and K feldspar (mostly microcline) 
occur with finer (0.2 - 0.4mm) intergranular feldspar and quartz.
Dispersed aggregates, up to a centimetre across, of mafic minerals 
(mostly biotite, sphene and epidote) lie within the felsic component.
Plate 8 - 9  shows this rock. There is no mineral alignment, but weak 
fracturing of feldspar indicates that some de formation has occurred.
(b) PROTOMYLONITE - Grain refinement is taking place. Although the feld­
spars show undulose extinction (i.e. plastic strain) the most obvious 
feature of this is the development of numerous brittle cracks, usually
in microcline - see plate 8 - 1 0 .  These are mostly oblique to the 
developing cleavage, suggesting them to be shear fractures. Others, 
perpendicular to the cleavage, are tension fractures. All are defined by 
a narrow zone of fine, equigranular, beads of quartz. Separation would not 
be expected along shear fractures, and they are not fibrous, as would be 
predicted for void infill (Ramsay 1980, White et al 1982). The 
protomylonite shows an increase from the country rock in modal quartz 
(table 8 -A) and one aspect of this increase may be the re-crystallization 
of quartz beads from feldspar in the crack walls as strain concentrated 
along the plane of failure. This process is analogous to the segregation 
banding described by Hanmer (1982).
Plagioclase porphyroclasts show fewer fractures than microcline.
Replacement by muscovite and epidote, in conjunction with strain shadowing, 
obscures their twinning. Marginally they recrystallize to smaller grains 
of albite and new quartz is concentrated around the old plagioclase. This
3 i6
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Plate 8-9. Igneous Complex, GR 4631 2362.
"Undeformed" monzonite:- saussuritized plagioclase, microcline, quartz 
and biotite. Crossed polars XI3.
I
&
Plate 8-10. Igneous Complex, GR 4631 2362.
Protomylonite:- considerable grain refinement in quartz, brittle fractures 
in feldspar. Weak foliation. Crossed polars XI3.
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and their poikiloblastic nature makes the plagioclase diffuse and indistinct.
The country rock quartz has rapidly reduced in grain size to about 0.1mm 
Remaining, larger, old quartz grains are strain shadowed and show the 
formation of marginal and internal subgrains. Small lenses of coarse, 
unstrained new quartz are seen parallel to the cleavage. Quartz does 
not have a shape fabric.
The early biotites have rotated and recrystallized to a new alignment and 
a smaller size. Those at a high angle to the incipient cleavage are 
kinked and enwrapped by new biotite foliae. The kink hinges are sites of 
new grain.formation (see fig. 8-1) as described by Wilson and Bell (1979). 
Sphene is spreading within the cleavage. The mafics now form ellipsoidal 
blebs defining a foliation which anastomoses around the large feldspars.
(c) MYLONITE - The foliation is now pronounced. Shear fractures in 
microcline are more common than in the protomylonite and exhibit large 
displacements. Tensile fractures, perpendicular to the banding are apparently 
rarer, or at least more difficult to recognise. They have a much wider 
zone of equigranular quartz beads than the shear fractures. These neck 
as the matrix squeezes into the separation. Individual microcline clasts 
(identified by twin pattern and extinction) become strung out in the cleavage 
as lines of internally strain shadowed fragments surrounded by fine 
secondary minerals, mostly quartz. All these features are shown in plate 
8- 1 1 .
Some plagioclase shows a similar brittle mode of deformation, including 
that recrystallized from the old clasts at the protomylonite stage. Most 
plagioclase remains only as small (< 1mm) cores containing crystallographic- 
ally orientated saussurite minerals (especially muscovite) surrounded
3 l8
B io t i te  defin ing new cleavage
B io t i te  
re c ry s ta l l i z a t io n
M ic ro c l in e
O ld d is to r ted  b io t i te
Q u a r tz
Se r  ici t iz e d  
p lag ioc lase
Q u a r tz /  fe ldspa r  
m a t r ix
p id o te
B io t i t e  r e c r y s t o I l i z in g  in p r o to m y lo n i t i c  m o n zo n ite  
G R 4 6 3 I  25 6 2 .
FIG, 8-1
Q u a r t z  - K Feld. F lo g . M u s e . B io t i te C h lo r i te C o r n e t E p id o te A p a t i t e R u t i le sphene Opaques
'ountry Rock 6*75 21-75 2 2 -8 7 5 7-5 16-125 2-5 1-5 6 -25 2 -875 - 9-625 2-25
Protomylonite 18-25 21 19-125 6 - 0 7 5 16-25 X - 10-5 1-875 0 - 3 7 5 5 -1 2 5 0 - 6 2 5
Mylonite 2 2 - 7 5 19-375 13 -75 7-25 17-25 0 - 5 / 11-375 1 y 5-25 1-5
^Uitromylonite 3 7  . 13 5 4 22 X IB - y 0 - 5 0 - 5
*  E s t im a te  from  th in  s e c t io n . M odal percentages of sheared m onzonite .
T A B LE  8 - A
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by a fine (0.02 - 0.05mm) foliated mantle of secondary quartz, plagioclase, 
muscovite and epidote. Plate 8-12 shows the rounded augen shape of these old 
plagioclase grains and the lines of micaceous material extending away 
from them in the cleavage. This apparently ductile behaviour from a 
mineral which usually responds to stress in a more brittle fashion than 
K-feldspar is suggested to be a result of strain softening arising from 
the replacement of the originally more calcic plagioclase grain by secondary 
minerals. As the porphyroclast is marginally degraded these become 
incorporated in the matrix.
Again quartz has increased in modal proportion. Original quartz grains 
cannot now be recognised, the matrix consisting of a fine (0.02 - 0.05) 
equigranular mosaic. New quartz does occur with feldspar, as previously 
outlined, and as lenses within the cleavage of large (0.2 - 0.4mm)
polygonized grains. These are strain shadowed.
No identifiable old biotite reminas. It has recrystallized to fine 
(0.1 - 0.5mm) laths in strongly orientated foliae and bands. Other 
components of these mafic bands are small, equant epidote and sphere 
grains .
(d) ULTRAMYLONITE - Original minerals are almost wholly lost. Small 
(<0.5mm) isolated porphyroclasts of microcline remain, sometimes with 
relict perthitic albite patches. These are set in a matriz of very 
fine (0.01mm) quartz, feldspar, mica (mostly biotite) and epidote - 
see plate 8 - 13. The fine grain size precluded modal analyses. On 
the microscale the matrix is broadly homogeneous, although bands slightly 
richer in quartz and feldspar do occur. These are relics of feldspar clasts 
90d polygonized quartz lenticles. Epidote and mica free zones also occur
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Plate 8-11. Igneous Complex, GR 4631 2362.
Mylonite:- developing foliation. Microcline porphyroclast disrupted by 
narrow shear (S) and broad tension (t) fractures. Finer grain size 
in zones of high strain (h) than low (l).Crossed polars XI3 .
Hate 8-12. Igneous Complex, GR4631 2 3 6 2 .
%lonite:- diffuse, augen shaped porphyroclasts of plagioclase with 
numerous unorientated inclusions of sericite. Note tension fracture (T) 
in microcline. Crossed polars XI3 .
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Plate 8-13. Igneous Complex, GR 4631 2362.
Ultramylonite :- microcline retains evidence of early brittle deformation, 
Plagioclase lost, although relict felsic streaks remain in now intense 
foliation. Croosed polars X30.
Hate 8-l4. Basic Gneiss Complex, GR 4739 233^.
Hdkiloblastic albite overgrowing matrix quartz, and with numerous 
luartz inclusions. Crossed polars X30.
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as mantles around some of the microcline porphyroclasts, especially 
on the pressure shadowed terminations. Biotite and muscovite are 
strongly aligned, and epidote is also weakly elongated. Estimates 
of the mineral proportion suggest epidote to have increased in proportion 
(table 8 - A).
(e) CONCLUSIONS -
The deformation of feldspar has taken place at the point of brittle/ 
ductile transition. The porphyroclasts show features of ductile internal 
strain (undulose extinction, occasional bent twins, subgrain recrystallizat­
ion) but most of the grain refinement undergone has been accomplished by 
brittle failure and the pull apart of fragments. This is less true of 
plagioclase at the later stages of deformation which appears to change 
shape in a ductile manner by subgrain formation, perhaps assisted by 
saussuritic replacement. This replacement is reflected in a three-fold 
increase in epidote proportion. Initial grain size reduction in quartz 
is more rapid and uniform than that of feldspar. It is accomplished by 
dislocation creep and dynamic recrystallization. No brittle deformation 
took place.
Biotite is recrystallized to a finer grain size aligned in the developing 
foliation. At the ultramylonite stage it is spread almost uniformly 
through the rock.
8.4.2 BASIC GNEISS COMPLEX
(a) TEXTURES - In the Basic Gneiss Complex no progressive sequence such 
as that described above can be analysed. The bulk of outcrop comprises
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banded and foliated orthogneiss, and these can be compared with the 
parent (meta-gabbroic) rocks in tectonic pips of low deformation.
In these areas of least deformation the original calcic plagioclase 
inferred to have existed in the parent gabbros is almost wholly replaced 
by a fine-grained mesh of saussurite minerals. Conversely, the gneisses 
show only weakly altered albite. Some of these grains contain evidence 
of having undergone ductile deformation - undulose extinction, the 
bending of twin lamellae, the development of pericline deformation 
twins (which are often regarded as a stress accommodation mechanism in 
albite, Marshall and Wilson, 1976). Subgains form at grain boundaries 
and less often internally. Elongated aggregates of fine albite crystals 
are seen which are believed to be the result of these processes.
However, grain refinement is counteracted and largely overprinted by 
porphyroblastic regrowth of new albite. This tends to have fewer 
twins and less alteration. Marginal apophyses extend from the new 
grains into the matrix, overgrowing refined, older plagioclase. Fine 
groundmass minerals, notably quartz, are enclsoed to give a poikiloblastic 
texture (plate 8 - 14). Cleavage refracts around the poikiloblastic albite, 
which is sometimes strain shadowed and, rarely, weakly fractured 
perpendicular to the cleavage, showing growth to have been syn-tectonic.
The porphyroblastic plagioclase is set in a matrix of finer (< 0.2mm) 
plagioclase and quartz. The quartz is broadly equigranular with 
straight or curved boundaries and a weak shape fabric. Larger grains 
in particular show much undulose extinction and sub-grain formation.
That the quartz generally has recrystàllized from a finer grain size 
is suggested by the finer - than - matrix poikiloblastic relics in 
plagioclase. The gneiss shaTS an increase in modal quartz from the
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parent meta-gabbro (table 2-H).
The mafic portion of the gneisses consist of persistent bands (1mm to 
1cm in width) of green amphibole, variable proportions of secondary 
green and brown biotite and epidote. Amphibole and biotite laths 
(0.1 -0.5 mm) define a strong cleavage. Numerous isoclinal intrafolial 
micro-folds can be seen. Modal epidote and biotite are in greater 
proportion than in the parent rock.
(b) CONCLUSIONS - Ductile processes of grain size reduction, similar to 
those described in section 8.4.1, are seen to operate. These are largely 
obscured by recrystallization of the reduced phases. This reflects the 
higher (often amphibolite) facies conditions pertaining during much 
of the fabric formation in the Basic Gneiss Group when compared to 
the other rocks discussed here (see chapter 7).
8.4.3. SYGNEFJELL META-ARKOSE
(a) TEXTURES An "undeformed" parent rock cannot be unequivocably
identified. It may be that the rare localities where bedding is preserved
and grain size coarsest are localities of lower strain, although this
may be due in some part to sedimentary variation. Plate 8-15 shows
the microscopic features of a psammite from such a locality. Large
(up to 5mm) porphyroclasts of K feldspar mostly (microcline and microcline
microperthite) and albite lie in a matrix of quartz (grain size 0.2 - 1mm)
and muscovite, the latter defining a penetrative cleavage. The quartz is
strain shadowed and shews lobate or cuspate quartz/quartz boundaries,
suggesting recrystallisation from a smaller grain size. Feldspar
contains little evidence of internal strain, although it may be augen shaped
In many slides of the Sygnefjell Meta-arkose which have been examined there
are grain size reduction features. Feldspars show kinked and flexed 
twin planes amd perthitic lamellae. Brittle failures, usually oblique to 
cleavage, are also present. Grain boundary recrystallization is the 
dominant mechanism of grain refinement, aided by the greater fractured 
surface area, and the sericitization and saussuritization of plagioclase 
Quartz/quartz junction are now straight or curved, and a weak shape 
fabric develops. This is accentuated in regions of higher strain, such 
as along cleavage-parallel porphyroclast margins, where aspect ratios 
can be as high as 10:1, as shown in plate 8-16. Quartz has undergone 
dynamic recrystallization - it shows undulose extinction, deformation 
bands and sub-grain formation. In plate 8-17 sub-grains can be seen 
both at the margins and within quartz crystals, usually having a poly­
gonal shape and also showing optical strain features. The quartz 
grain size in the majority of the examined specimens is below 0.5 mm, 
being finest in muscovite rich bands due to inclusion inhibition (im­
purity pinning of Etheridge and Wilkie 1979). Occasional narrow 
veins, of coarser quartz,cut the meta-arkose, and some cleavage- 
parallel pure quartz laminae probably also originated as veins. As 
was noted in section 8.4.1 grain size reduction in quartz is rapid, 
and in some specimens has produced a mortar texture of fine «0.1 mm) 
quartz and disseminated muscovite surrounding feldspar porphyroclasts 
(especially of microcline and perthite). Plate 8-18 shows an example 
of this.
A few of the specimens of meta-arkose, such as plate 8-19, have a 
very fine grain size. They consist of polygonized quartz (<0.05mm) 
and equally small feldspars and muscovite, the latter concentrating 
into cleavage - parallel laminae. The very few feldspar porphyroclasts
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Plate 8-1 3 . Sygnefjell Meta-arkose, GR 48l4 3420.
Coarse, with weak fabric and lobate or cuspate quartz grain boundaries. 
Grossed polars X3 0 .
Plate 8-1 6 . Sygnefjell Meta-arkose, Kjerringhetta Formation, GR 4379 3026. 
Quartz boundaries straight, and grains flattened (F) at points of higher 
strain. Feldspar shows undulose extinction (u), kinking (k) or fracturing 
(X)' Crossed polars X3 0 .
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Plate 8 -1 7 . Sygnefjell Meta-arkose, GR4387 2915-
Polygonal sub-grain formation in quartz. Crossed polars XI3 0
VT-
Plate 8-18. Sygnefjell Meta-arkose Krossho Formation, GR 4378 2779. 
Mortar texture :- feldspar porphyroclasts in fine matrix. Feldspars 
are albite, microcline and ribbon microperthite. Crossed polars X3 0 .
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which are found are strongly deformed and fractured. Lenticles of 
coarser quartz sometimes have a fibrous structure, the fibres at a 
high angle to cleavage, such as plate 8-20 and are therefore relics of 
dilational veins. These may be the most deformed rocks in the meta- 
-arkosic sequence, the ultimate product of the grain refinement processes 
described from coarser members of the group. However, it is likely 
that the lack of large feldspars is a sedimentary feature, rather than 
deformational, for it was seen in the monzonites of section 8.4.1. that 
even the ultra-mylonite had surviving feldspar augen.
(b) CONCLUSIONS - The Sygnefjell Meta-arkose show considerable 
microtextural variability apparently unrelated to any faults or discrete 
zones of shear. It may be that this variability can be ascribed to 
the presence of different stages in a general grain size reduction during 
deformation. The processes of refinement are those often described 
from areas of mylonites. In such areas many of the Sygnefjell rocks 
would be classified as mylonites, and some perhaps ultramylonites.
8.5 CRYSTALLOGRAPHIC PREFERRED ORIENTATION IN QUARTZ
8.5.1. INTRODUCTION
A Universal stage fitted to a petrological microscope was used to 
measure the orientation of the c axes of quartz grains in five thin 
sections of psammitic rocks. The sections were cut in the XZ principal 
plane of the D^ finite strain ellipsoid, determined in each specimen 
from S2c and L^. The c axis orientations were then plotted on a
329
Plate 8-1 9 . Sygnefjell Meta-arkose, Krossho Formation, GR 460] 2S55- 
Very fine grained, little identifiable feldspar. Grossed polars XIj.
Plate 8- 20. Sygnefjell Meta-arkose, GR 4387 3037-
Relict dilational vein with fibrous quartz in very fine matrix.
Crossed polars X13*
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stereogram of this plane.
Two specimens of Basal Quartzite, two of Sygnefjell Meta-arkose and one 
of Psammitic Gneiss were investigated (see map). They had previously 
been determined to have high modal percentages of quartz and reason­
ably coarse grain size, in order to minimize interference from other
phases. In each case, about 250 grains were measured, this figure
being sufficient to give close definition to the stereographic plot.
8.5.2 RESULTS
Contoured stereograms are presented in figures 8-2 to 8-4. They show 
several features in common -
(a) Cross girdles meeting in the intermediate strain ellipsoid axis.
(b) The girdles have an acute opening angle towards the direction 
of maximum compression.
(c) The c axis maxima are disposed towards the edge of the plot.
(d) Subordinate maxima occur in the Y strain axis.
(e) The girdles are not perfect great circles.
(f) All patterns have a degree of asymmetry, and some are strongly 
so.
Dissimilarities are present and will be noted with respect to each 
lithotectonic unit -
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(a) BASAL QUARTZITE (fig 8-2) Speciment NCT 112 is more easily re­
solved into two separate small circle girdles defining an annular 
pattern. In this respect it differs from all the other fabrics. In 
specimen T43 one girdle is strongly subordinate, imparting a notable 
asymmetry. Both specimens show opening angles towards finite Z of about 
45°.
(b) SYGNEFJELL META-ARKOSE (fig 8-3). The two specimens NCT 6 6 and 
NCT 76 show cross girdles of approximately equal intensity. The open­
ing angles are about 60°. The degree of asymmetry about the finite 
strain axis is low.
(c) PSAMMITIC GNEISS (fig 8-4) The plot is a little more diffuse than 
those considered above. As in specimen T43 one girdle predominates.
The opening angle is about 60°.
8.5.3 DISCUSSION
Slip (dislocation glide) along crystallographically orientated planes 
was first postulated as a mechanism for the plastic deformation of quartz 
by Sander (1925, quoted in Hobbs et al 1976). The theoretical means 
by which this may produce preferred crystallographic orientations in 
polycrystalline aggregates were subsequently elaborated e.g. by Taylor 
(1938) and Bishop and Hill (1951). Nonetheless it was regarded as 
a process subordinate (in quartz at least) to syntectonic recrystall­
ization, from consideration of the results of early experimental work 
(e.g. Griggs 1940) and the observation of recrystallized textures in 
many quartz tectonites. More recent experimental investigation,while 
confirming the orientational effect of recrystallisation in certain 
circumstances, (Green 1970), have also highlighted the important
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contribution of plastic flow in quartz (Blacic and Griggs 1965, Tullis 
et al 1973). This view is substantiated by fieldwork on quartz-rich 
rocks which suggest recrystallization to have only a relatively minor 
effect (Lister and Price 1978, Lister et al 1978, Miller and Christie
1981).
Dislocation gliding, during plastic deformation can take place along 
several slip systems, and experimental work on quartz usually reports 
circumstances in which the basal <a> and prism <c> dislocation glide 
systems play an important role e.g. Morrison - Smith et al (1976). 
Computer simulated fabrics (based on the theoretical work of Taylor 
1938 and Bishop and Hill 1951) which would develop from the operation 
of these systems under different types of strain were presented by 
Lister (1981) and are reproduced in fig 8-5. THe Sygnefjell fabrics 
are closest to those predicted to develop during plane strain from 
basal a glide. For specimen NCT 112 basal <az glide during 
axial extension (^ = > 0 ) is the best fit for the observed pattern.
The symmetry of strain predicted in this manner is comparable to that 
determined from the measurement of deformed "objects" (see chapter 6 ). 
The dominance of basal <a? glide in the greenschist metamorphic 
facies Sygnefjell specimens emphasises previous work suggesting that 
prism c glide systems are a feature of higher temperatures or lower 
strain rates (Baeta and Ashbee 1970, Blacic 1975), operating above 
temperatures of 600 - 700°C at 6kb mean stress (Lister and Dornsiepen
1982). THe Sygnefjell microfabrics are similar to those described in 
the literature from quartzose rocks of other areas which are believed 
to have developed during low grade metamorphism and approximate plane 
strain (Tullis 1977, Miller and Christie 1981, Lister and Dornsiepen 
1982). The larger opening angles about Z shown in the Sygnefjell 
meta-arkoses may be related to their formation under a lower strain
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rate or higher temperature than the other specimens. This effect, a 
movement of c axes towards the direction of maximum finite extension 
at lower strains or higher temperatures, has been noted in field 
analyses (Lister and Dornsiepen 1982), in experimental studies (Tullis 
1977), and is implied by the change of fabrics produced by the operat­
ion of basal <a> and prism <c 7 slip (Lister 1981 and fig. 8-5).
The asymmetry of the Sygnefjell fabrics relative to the principal axes 
of D^  finite strain has not yet been discussed, the postulates above 
being largely independent of it. A large body of work is devoted to 
the question of whether monoclinic quartz fabrics can be interpreted 
as an indicator of non-coaxial deformation and, if so, whether the 
sense of shear can be deduced (e.g. Eisbacher 1970). A number of 
authors have reported circumstances in which the senseof asymmetry of 
quartz fabrics can, apparently, be related to a direction of simple 
shear (e.g. Bouchez 1977, Burg and Laurent 1978, Berthe et al 1979, 
White et al 1982). This is not invariably the case (Carreras et al 
1977, Lister et al 1978) and other factors, such as old grain orient­
ations (but see Sylvester and Christie 1968) or later deformations 
may be responsible for the apparent development of monoclinic fabrics 
during what was in fact a coaxial deformation (Lister and Williams 
1979). The Sygnefjell specimens were not orientated in the field 
so this will not be further discussed.
8.5.4 CONCLUSIONS
(a) The fabrics described from Sygnefjell are similar to those 
predicted from the operation of basal c az dislocation slip systems
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during plane strain.
(b) Their form is comparable to those of ether areas which have under­
gone plane strain during low grade metamorphism.
(c) The larger opening angles displayed by the Sygnefjell Meta-arkose 
and Psammitic Gneiss may be a facet of higher strain rates or lower 
temperature during their development.
(d) Asymmetry of the fabrics about finite strain axes may indicate 
deformation to be non-coaxial during D2 , or may be the result of control 
by earlier fabric or later deformation.
8 .6 GEOCHEMICAL CHANGES ACROSS ZONES OF SHEARING
8.6.1. INTRODUCTION
At Krossbu (GR 4850 2706) a small lense of meta-monzonite lies within 
the Basic Gneiss Complex creating a hummock that was dynamited through 
in 1979 during widening of the Sogndal - Lom road. This cutting is 
transverse to the strike of small D2 shear zones in the monzonite which 
follow regional dip southwards at a moderate angle. This bounding surface 
of the shear zones and their internal foliation are coplanar, suggesting 
them to be the product of pure shear deformation (section 8.2.4.). At 
approximately equal spacings perpendicular to these features twelve 
specimens were collected, their positions being shown in fig. 8 -6 , a 
sketch of the locality. These specimens are of "undeformed" monzonite
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(T31, T5, T6 , T9) and flattened monzonite (T7, T8 ) in a 50 cm wide 
discrete shear zone (A). At the northern end of the section a broader 
zone of similar flattened monzonite (TIG, Til, T12) pass down into a 
fine mafic gneiss (T13, T14, T15). During field examination this was 
thought to be an ultramylonitic derivative from monzonite; specimens T9 
to T12 are increasingly fine, dark, and intensely foliated, resulting in 
an apparent gradation into the fine gneiss. On petrological gounds 
(see on) this interpretation has been rejected and shear zone B is 
possibly a contact mylonite (section 8.2.5.).
8.6.2. PETROLOGICAL DESCRIPTION
Mineralogical and textural development during monzonite shearing is very 
similar to that described in section 8.4.1.. The undeformed monzonite 
consists of porphyroblasts (0.5 - 6 mm) of fractured microcline, 
saussuritized plagioclase and amphibole (partially replaced by biotite) 
in a quartzo-feldspathic matrix. As shearing begins these are streaked 
out into the developing foliation, plagioclase and amphibole being pro­
gressively removed as quartz, biotite, muscovite and epidote increase in 
proportion. A banding, between quartzo - feldspathic and mafic compon­
ents develops, refracting around porphyroclasts of fractured microcline. 
Amphibole occurs only as small relics within the mafic bands. Plate 
8-21 shows the texture of specimen T8 , from close to the centre of shear 
zone A. The planar fabric of specimen T12 (plate 8-22) is more intense. 
These rocks are mylonites as defined by Sibson (1977).
The parallel fabric of the fine gneiss (specimens T13, T14, T15) is 
defined by syntectonic amphiboles, which have undergone later partial 
replacement by boitite. This can not be a higher strain development of
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Plate 8-21. Basic Gneiss Complex, GR 48jO 2706.
Mylonitized monzonite, specimen T8. Microcline augen disrupted by 
shear and tension fractures. Crossed polars XI3.
m
Plate 8-22. Basic Gneiss Complex, GR48jO 2?06.
%lonitized monzonite, specimen T12. Feldspars streaked into biotite 
foliation. Crossed polars XI5.
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the monzonite mylonite fabric, because it has formed at a higher (Ml 
- see Chapter 7) metamorphic grade. The later retrogression (M2) to 
biotite may correlate with the monzonite deformation, and accentuates the 
tectonic convergence between the two rock types.
8.6.3. GEOCHEMICAL ANALYSIS
The mineralogical changes seen into zones A and B may be accompanied by 
chemical changes, and if so these should be related to the state of strain. 
All specimens were analysed for selected major and trace elements to test 
this. The results are presented upon a modified enrichment/depletion graph 
after Hopper (1980) - figs 8-7 and 8-9. This is constructed by taking the 
amount of individual elements in the most deformed specimen as a standard. 
Because samples were taken across two shear zones in this work, the standard 
was taken from shear zone A (specimen T8), as this is close to the midpoint 
of the traverse (note however that the wider shear zone B develops the more 
intense fabric). The amount of each element in each of the other samples 
is then subtracted from the standard value, and the deviation expressed 
as a percentage of the standard, either positive (the amount that particular 
sample is enriched relative to the standard) or negative (the amount that 
particular sample is depleted relative to the standard).
A scaling factor is used to confine some elements to the graph. This 
percentage change is plotted against the spacing, measured in the field, 
between each specimen perpendicular to shear zone boundaries. A schematic 
but visually simpler graph was also constructed - figs 8-8 and 8-10. To 
do this the distances of each specimen from the nearest shear zone boundary 
were measured. When plotted on the abscissa axis this records distance 
either away from a shear zone or into it. The specimen furthest from the 
boundary, T31, is then taken as a standard and
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percentage proportional variation from this calculated for all other 
samples (as above).
The relative variation of major elements along the Krossbu section is given 
in figs 8*7 and 8-8. Despite some inconsistencies in the proportion 
of elements in the "undeformed" monzonite several show a pattern of change
which is associated with the position of shear zones A and B. CaO
Fe^O^ and MgO show an enrichment into both zones A and B. Al^O^ and K^O) 
show a less well defined complimentary pattern of depletion. In all
cases the pattern of enrichment/depletion is more marked into zone B
(fig 8-7), perhaps a reflection of its stronger development. SiOg and 
TiO^ do not vary greatly, nor show a consistent pattern. Na^O is more 
variable but shows no pattern that can be related to the shear zones.
The graphs of figs. 8-9 and 8-10 demonstrate the behaviour of trace 
elements across the shear zones. Their variation is less systematic than 
that of the major elements. Only Rb and Zr show consistency, with a 
relative depletion into the shear zones. In the case of Rb this depletion 
is stronger into zone B(fig 8-9). Fig3-22 gives the rare earth element
(REE) abundances of an unsheared monzonite (T31) and a specimen (TIO) 
from within shear zone B. Despite the contrast in major and trace 
element values between these two rocks (figs 8-7 to 8-10) REE levels 
are very similar.
8.6.4 DISCUSSION
The changes described above involve an apparent increase in the chemical 
components characteristic of mafic minerals (Mg and Fe), and Ca, with 
an apparent decrease in the components of feldspar (K,AL). Except for
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the broad stability of SiO^ these data contradict the observation of 
Beach (1976) who described opposing changes during alkali metasomatism 
along shear zones.
In the Krossbu rocks it is not possible unequivacably to determine if 
the observed changes are due to the addition of one set of minerals or 
the removal of another. That the feldspars, in particular plagioclase, 
but also microcline, are unstable during shearing, undergoing mechanical 
and chemical breakdown is obvious in thin section. Had biotite undergone 
an actual increase then K may also have been expected to rise, but in 
fact is depleted. These features suggest that these changes in element 
proportion were occasioned by the removal of feldspathic components 
from the system as shearing progressed. The loss of plagioclase during 
deformation was suggested by Hopper (1980).
The depletion of K is matched by a very similar pattern in Rb, as 
would be expected from the physical closeness of the two elements.
The variability of TiOg may reflect the inconsistency of content of 
the mineral sphene noted in these and many Sygnefjell rocks.
These chemical changes suggest that production of the mylonitic composition­
al banding was not purely a mechanical process, as postulated by Moore 
(1973), Vernon (1974) and Myers (1978), but has also involved chemical 
segregation (Sclar 1965, Williams 1972). The lateral continuity of the 
banding of the Basic Gneiss Complex seems to require such a segregation.
The immobility of REE confirms the work of others (Frey et al 1968, Jakes 
aM Gill 1970, Hermman et al 1974). This property makes them a useful
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tool for determining the pre-tectonic origin of now mylonitic rocks 
- see chapters 2 and 3.
8.7 DISCUSSION OF THE SYGNEFJELL MYLONITES
8.7.1. DEFORMATION MECHANISMS
The meso- and microscopic textures and fabrics of many tectonized 
rocks on Sygnefjell are comparable to those described in the literature 
as characteristic of mylonite zones (Christie 1960, Higgins 1971, Bell 
and Etheridge 1973, Nicholas and Poirier 1976). Following the interp­
retation of Lapworth (1885) many authors have attributed mylonite 
formation to brittle grain deformation (Christie 1960, 1963, Higgins 
1971). More recently it has been recognized that the microtextures 
developed (sub-grains, mortar-texture, shredded micas, serriate 
grain boundaries) can often be deduced to result from ductile processes 
of deformation (Etheridge 1973, Nicholas and Poirier 1976), including those of 
Lapworths type locality (White et al 1982).
These ductile mechanisms can be shown to operate in the Sygnefjell 
rocks. They work to reduce grain size, and it is widely reported that 
the dominant mechanism of ductile grain size reduction in many minerals 
is dislocation creep followed by dynamic recovery and recrystallization 
(Bell and Etheridge 1973, White 1973, Etheridge 1975). In the 
Sygnfjell mylonites quartz, feldspar and biotite show evidence of 
dynamic recrystallization.
These textures are especially well developed in quartz, deformation
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lamellae, undulose extinction and subgrain formation (plate 8-17) 
being ubiquitous, not only for the examples described in this chapter 
but in most quartz bearing rocks. The reduction in grain size 
accomplished by dynamic recrystallization appears to be stress dependent 
for it is often noticed that zones of probable higher stress, such 
as between juxtaposed porphyroclasts, have a finer grain size than 
those in lower stress regions - see plate 8-11. Initial grain 
refinement in quartz is rapid, as is shown in the contrast between the 
monzonite of plate 8-9 and the protomylonite of plate 8-10. After 
this burst grain size stabilizes showing only slow further reduction 
(plates 8-11, 8-12 and 8-13) as was noted by White (1976). Grain 
refinement favours several deformation mechanisms whose strain rate 
depends inversely on grain size, in particular diffusion flow and grain 
boundary sliding (Etheridge and Wilkie 1979). None of these would be 
expected to produce a good crystallographic fabric alone, (Hopper 1980), 
and the preferred c-axis orientations of quartzose psammites (section 
8.5) argues for dislocation glide of some importance. Dislocation 
glide mechanism (e.g. grain boundary sliding) would result in a strong 
shape fabric to quartz grains. These are seen only in areas of 
relatively high stress (see plate 8-16), the beta regions of Lister 
and Price (1978), while concurrent dynamic recrystallization takes place 
in regions of lower stress. As a higher stress process it may be that 
dislocation glide did not occur until after a certain amount of dynamic 
recrystallization. Once begun the two processes seem to operate side 
by side for there is no strong shape fabric in any of the psammites 
analysed, although they show crystallographic fabrics (similar associations 
have been noted elsewhere e.g. Christie 1963, Sylvester and Christie 
1968). It must be concluded that dynamic recrystallization, which 
would be expected to scatter crystallographic orientations, has occurred 
with substantial dislocation glide and has had little effect on the
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c-axis fabrics formed.
Sub-grain formation in feldspar is less pervasive than in quartz.
Other strain softening mechanisms appear to be replacement by other 
phases (seridtization and saussuritization in plagioclase, the 
exsolution of quartz from plagioclase and K feldspar) and in plagioclase 
the formation of pericline twins. Ductile processes of grain 
refinement are not as active in feldpsars as in quartz. The mineral 
thus tends to be preserved as porphyroblasts. Above a certain 
strain rate threshold lattice dislocationJwill be generated at a 
rate faster than can be dissipated in a ductile fashion and the crystal 
fragments. Such fracturing of feldspar, in particular of microcline 
is a common feature. Wherever it is seen the quartzose matrix to 
the porphyroclasts continues to deform by the mylonitic processes 
outlines previously. The only penetratively cataclased (after the 
definition of Sibson 1977) rocks in the Sygnefjell region are thin 
gouges along thrust faults.
Epidote and micas increase in proportion during deformation, 
concomitant with the degradation of feldspar. They recrystallize to 
form a planar fabric and are components of the compositional banding 
seen in the meta-igneous rocks in particular. They become increasingly 
fine as deformation progresses. Evidence of subgrain formation 
can occasionally be found in biotite.
Opposing the processes of grain size reduction described above are those 
of annealing and recrystallization which tend towards an increase in 
grain size - thermal events become dominant over deformation events.
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Evidence of ductile grain refinement in the Basic Gneiss Complex 
is largely obscured by grain growth. Much of this deformation 
took place in the amphibolite facies of metamorphism (see Chapter 7).
8.7.2. DEFORMATION REGIME
Mylonitic rocks in a number of structural settings and lithological 
units have been described from the Sygnefjell area. Some of these 
rocks occur within narrow zones of intense deformation, such as those 
in the Jotun Nappe monzonties (section 8.4.1. and 8.6), and are 
recognized as finer grained, more strongly banded and cleaved 
equivalents of adjacent parent rocks. These are classical mylonites 
as described by Lapworth (1885) and subsequently redefined by others 
(Bell and Etheridge 1973, Hobbs et al 1976, Sibson 1977). A microstruct- 
ural progression can be observed from the edges to the centre of the 
zones, going from protomylonite to mylonite or ultramylonite (Sibson 
1977).
However, similar mechanisms of ductile strain accommodation to those 
seen in the shear zones can be recognised through broad portions of 
the Sygnefjell tectonostratigraphy. Termed regional mylonites after 
Hopper (1980), these lack the progressive development into, and confine­
ment within,"narrow planar zones of intense deformation" (Bell and 
Ehteridge 1973) which in Lapworths (1885) definition, form "where two 
superposed rock systems move over each other as solid masses". As 
such they can not strictly be termed mylonites. Nonetheless they are 
part of the same suite of deformation processes and the rock type is
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often comparable to mylonites described from areas such as the Moine 
Thrust (Lapworth 1885, White et al 1982). Examples of these rock 
types have been described from the Sygnefjell meta-arkose. It was 
also noted that during higher temperature deformation (in the Basic 
Gneiss Group) comparable grain deformation takes place, but is 
largely obscured by recovery and recrystallization.
The formation of mylonites is often ascribed to a simple shear 
deformation regime because of their common association with faults 
(Sibson 1977), their occurrence in zones of demonstrable simple shear 
(Ramsay and Graham 1970) and to avoid the space and boundary problems 
of pure shear (Escher and Wattersson 1974) . However, pure shear 
has been invoked by some authors as the generative mechanism of 
mylonite production e.g. Johnson (1967), Dalziel and Bailey (1968)
Ross (1973), Hopper (1980).
In the Sygnefjell succession discrete mesoscopic shear zones can be 
seen to be the result of both pure shear and simple shear (section 
8.2), but evidence as to which of these operated to produce the more 
extensive regional mylonites is sparse. The approximate symmetry often 
shown by folds argues for pure shear deformation, as, on a microscopic 
scale, does the non-rotation of pulled-apart grain fragments (see 
plate 8-11 and White et al 1982). Crystallographic fabrics inferred 
to have developed during the same deformation are monoclinic with 
respect to finite strain axes (section 8.5), which is regarded as 
indicative of a non -coaxial, simple shear deformation. By the third 
phase of deformation simple shear is the dominant mechanism producing 
asymmetric folds and thrust faults. It may be that initial pure shear 
gave way to an increasing component of simple shear during the production 
of SgC.
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CHAPTER 9
MAIN CONCLUSIONS AND THEIR IMPLICATIONS FOR THE DEVELOPMENT OF THE 
JOTUN NAPPE.
9.1 INTRODUCTION
Discussions during and at the end of each chapter have dealt with 
problems and postulates arising specifically from the observations 
within each chapter. These discussions led to some conclusions which 
contradict generally accepted models for the development of the south 
Norwegian Caledonides; the regional implications of these conclusions will 
now be discussed. Firstly (section 9-2) a tentative reconstruction of 
the basin in which the supracrustal rocks of Sygnefjell accumulated 
will be presented. Secondly (section 9-3) a synoptic view of the 
deformation undergone by these rocks will be described. A description 
of the general palaeogeographic and plate tectonic setting of south 
Norway in the Late Precambrian and Lower Palaezoic will follow (section 
9-4), subsequent to which a model for the development of the Jotun 
Nappe Complex will be proposed (section 9.5).
9.2 BASIN RECONSTRUCTION
9.2.1 INTRODUCTION
The gross sequence of rocks outcropping on Sygnefjell (fig 2-1) 
described in chapter 2 is divided by thrust faults such that the 
junctions between most major units are faulted and not primary 
stratigraphie contacts. No radiometric or palaeontological ages are 
known. In a broad sense the sequence can be tentatively dated from regional
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correlations, and these have been suggested in chapters 2 and 3. These 
correlations can be used, in conjunction with lithological similarities 
between thrust bounded units, to deduce a likely primary stratigraphie 
succession.
This primary succession is telescoped by thrust faults. From a know­
ledge of the direction of transport and cross-sectional geometry of these 
faults their effects can be removed to restore a cross-section to its 
approximate pre-thrusting state; this is demonstrated in section
9.2.2. The restoration is complicated by a number of pre-thrusting 
phases of ductile deformation (D early, and D^a). The finite
strains associated with the earliest of these, and , in the 
supracrustal rocks have been calculated (chapter 6) and can be removed 
from the restored cross-section to give an estimate of stratigraphie 
thickness (section 9.2.3).
9.2.2 SECTION RESTORATION
A restoration of cross-section 1 will be described; the line of cross- 
section is transverse to the strike of the overthrust belt and 
approximately in the direction of tectonic transport. For ease of 
description this will be accomplished in two sections:- (a) restoration 
of the Precambrian allochthon and (b) restoration of Cambro-Ordovician 
basement cover.
(a) PRECAMBRIAN ALLOCHTHON:- the supracrustal allochthon on Sygnefjell 
comprises three main units; structurally upwards these are the 
Kjerringhetta and Krossho Formation of the Sygnefjell Meta-arkose and 
the Sygnefjell Greenstones.
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In chapter 4 it was shown that tectonic transport during (and
possibly also D^) was northwestwards. The assumption that is
the main phase of lateral transport,and that there is no unrecognised 
southeasterly movement during or constrains their site of 
deposition to lie southeast of the supposedly autochthonous basement 
gneisses outcropping to the north of Sygnefjell. Thus successively 
higher tectonic units have source areas progressively further to the 
southeast, towards the presumed axis of the basin.
In chapter 2 lithological similarities were noted, and correlations 
suggested, between the three main (and fault bounded)units. The 
Kjerringhetta and Krossho Formations each contain a thick sequence of 
meta-arkoses of similar composition, although darker (epidote rich) in 
the latter. Structurally higher units of the Kjerringhetta Formation 
are increasingly banded and pelitic, transitional to the impure meta- 
arkoses of the Krossho Formation, which also have a basal layer of 
greenstones. These basal greenstones have been correlated, on the 
basis of close petrological resemblance, with the Sygnefjell Greenstones, 
the bulk of which (the upper Sygnefjell Greenstones) overlie the 
Krossho Formation. At their top the Upper Sygnefjell Greenstones 
become interdigitated with meta-arkoses similar to those of the Krossho 
Formation., Fig 9-1 shows the correlation suggested between these 
main units, and the measured thicknesses perpendicular to SgC 
(ignoring repetition by F^a).
Relics of basement (Dyrhaugan Gneiss) underlie the Lower Sygnefjell 
Greenstones and are cross-cut by NW-SE basic dykes. Basic dykes of
Possible o r ig in a l re la tionships be tween the m ajor 
elem ents of the  supracrusta l allochthon.
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similar size and trend occur in peripheral rocks of the Jotun Nappe, 
which have been reported in Brieseterdalen as passing up via a 
basal conglomerate into meta-arkoses (Koestler 1981). The allochthonous 
orthogneisses within the supracrustal sequence and those peripheral 
to the Jotun Nappe are therefore shown in fig. 9-1 as part of the 
basement upon which the supracrustals were laid down.
The relationship of the Vassenden Conglomerate and Sygnefjell Meta- 
arkose to the sequence of fig. 9-1 is conjectural. They have a similar 
arkosic matrix, but in chapter 2 it was argued that they were of a 
shallower water facies than the Sygnefjell Meta-arkose. Whether the 
conglomerate/limestone sequence is a basin marginal facies time- 
equivalent to the arkoses (fig. 9-2a) or younger, possibly the product 
of basin infill and shallowing (fig 9-2b), cannot be proved. The 
latter alternative is favoured because a basin marginal facies (fig 
9-2a) may be expected to form the lowest structural element in the 
allochthonous sequence following basin closure, overthrust by rocks 
from further into the basin. Rather the conglomerates and limestones 
occur within the arkosic sequence, to which it is regarded as having 
formed a shallow water cover (figure 9-1) prior to being infolded 
(during and D^) and overridden by rocks carried on the Dyrhaugan 
Thrust. The conglomerate and limestones are thus considered to be a
precursor of Cambrian transgression (see on) and the upper levels of
the Bovertun Meta-limestones may therefore be of Cambrian age.
Fig 9-3 is a redraft of cross section 1 at a scale of 1:50,000
keyed in accordance with the putative stratigraphy of fig 9-1.
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The Cambro-Ordovician parautochthon is not shown. This section 
can be restored by moving each thrust slab back (southeastwards) 
along its underlying thrust until it lies at a level compatible 
with the stratigraphy of fig 9-1 e.g. allochthonous orthogneisses 
are moved back until they underlie the supracrustals as basement.
The maximum cross-sectional length of each slab is measured along
where seen (in the Sygnefjell Meta-arkose, Vassenden Conglomerate 
and Bovertun Meta-limestones) bedding is parallel or sub-parallel to 
this. In doing this S^c is measured around the hinges of major F^a 
folds (marked in fig. 9-3) and some pre-thrusting ductile strain 
is thus also accounted for. This distorts incipient fault 
trajectories which are marked in their approximate position in 
fig. 9-4, the restored supracrustal section. This shows an initial 
length of 15km, shortened by 43.1% during folding and thrusting. 
Taking into account displacement on the marginal duplex of the 
Jotun Nappe the present full section length of 13km has been shortened 
from an original length' of 30km, i.e. by 56.7%. Some units, notably 
the Psammitic Gneiss, do not fit into this restoration, nor the 
supracrustal stratigraphy previously described.
(b) CAMBRO-ORDOVICIAN COVER OF THE BASAL GNEISSES;- Fig 9-5a 
is a 1:50,000 scale cross-section through the parautochthonous cover 
to basement along the line of cross-section 1. Early (F^a) tight 
folds are cut by planar thrusts. The lowest thrust unit, overlying 
basement (although faults underlie this within basement) contains 
the 200m thick sequence of fig 9-5b, and this will be taken as a
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standard "stratigraphy" in the restoration of the section. A 
particularly useful marker horizon is the 15-20m thick band of blue 
quartzite. The removal of fault displacements of this band especially 
allows pre-thrusting structural geometry to be restored (fig 9-5c).
The quartzite unit marked (i) can only be fitted into this restoration 
if the underlying thrust is a lag or the stratigraphy of fig 9-5a
is incomplete, as is likely. The F^a fold closures marked (ii)
and (iii) were inferred, as enabling factors in the restoration; 
both project into unexposed (i.e. underwater) ground in the field. 
Parts of the section (dashed lines in fig 9-5b) are missing due to 
erosion. Comparison of the lengths of cross-section in figs 9-5a 
and 9-5c allow a contraction by faulting of 47% to be calculated.
The incipient fault trajectories are also indicated in fig 9-5c 
and most occur in the overturned forelimb of F^a, suggesting them to
have developed as a result of fold over-tightening. Removal of the
tight F^a folds simply by measuring the hinges (to give a minimum 
estimate) results in the section of fig 9-6. Its pre-folding 
length of 2km identifies a contraction by folding of 48.5%
Total contraction, by folding and faulting, is 67.5%. Also marked 
in fig 9-6 are incipient fault trajectories and incipient F^a fold 
hinges. These show the disruption of the faults occasioned by the 
removal of pre-existent ductile strain (previously mentioned briefly 
with respect to fig 9-4).
9.2.3 ESTIMATED STRATIGRAPHIE THICKNESSES
The previous parts of section 9.2 were concerned with the effects 
of ductile and brittle deformation on the original stratigraphie 
sequence. Prior to this, during and the sequence had
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undergone a ductile flattening with principal shortening (the Z 
strain ellipsoid axis) approximately perpendicular to bedding, where 
this can be identified (in the Basal Quartzite, Sygnefjell Meta- 
arkose and Vassenden Conglomerate). In chapter 6 these strains were 
estimated from measurements of deformed markers in the parautochthon 
(Basal Quartzite), Sygnefjell Meta-arkose, Turtagro Metarvolcanics 
(correlated with the Sygnefjell Greenstones) and Vassenden Conglomerate 
The amounts of strain, given in table 6-A, vary from locality to 
locality, but an arithmetic mean value of shortening along Z can be 
calculated (after Tobisch et al 1977) and are given^in table 9-A. 
Hossacks (1978) method of strain integration is not applicable in 
view of the paucity of data and the likelihood of simple shear as 
an element of deformation (chapter 8). Table 9-A also indicates
the present maximum thicknesses (perpendicular to S^c) of the major 
supracrustal units of the Sygnefjell tectonostratigraphy (see also 
figs 9-1 and 9~5b). In the use of the Vassenden Conglomerate this 
thickness was measured across a single limb of the inferred 
isocline. In the other units such repetition was not recognised and 
so the thickening induced by large-scale could not be balanced 
against ductile bed-perpendicular thinning indicated by strain markers. 
This will tend towards an overestimate of original thicknesses, offset 
to an unknown degree by the estimated D^/D^ strains (which are 
minimum values) and the loss of parts of the original sequence by 
faulting and erosion. The removal of strain implies that present
thicknesses have to be approximately doubled to arrive at a figure for 
the original (stratigraphie) thicknesses:- table 9-A. Complimentary 
extension in the D^/Dg finite X direction is not taken into account 
as it is not critical to this analysis.
w
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9.2.4 SUMMARY
Fig 9-7 is a tentative reconstruction of the original thicknesses 
and relationships of the major units now comprising the Sygnefjell 
stratigraphy. It shows the northwestern margin of a basin within 
Precambrian gneisses. Laid down in the basin was a late Precambrian 
supracrustal sequence consisting of well washed arkoses nearest to 
the shore (the Kjerringhetta Formation on Kjerringhetta) with 
internally more pelitic sedimentation giving way to basal submarine 
basaltic volcanics (the Krossho Formation and Lower Sygnefjell 
Greenstones) which thicken southeastwards (the Upper Sygnefjell 
Greenstones). Geochemically these volcanics prove to be of intra­
continental plate tholeiitic type, and compositionally similar dykes 
in the basement are suggested to be feeder conduits. They imply a 
distensional stress regime, at least during the extrusion of the 
volcanics, and the basin possibly to have been fault controlled.
As the basin infilled shallower water conglomerates (transported 
alluvial or beach debris) and limestones were deposited on top of the 
arkoses and volcanics. The total thickness of these basinal Late 
Precambrian sediments and volcanics approaches 2000 m. Subsequent 
Cambrian transgression ended basin controlled sedimentation, flooding the 
surrounding land-masses of crystalline rocks.
As was pointed out in chapters 2 and 3 a similar sequence of rocks to
that on Sygnefjell is presently seen to the southeast (in the
Turtagro area, Banham and Gibbs 1979, Banham and Gibbs in press),
with the exception of the Helgedalen Meta-greywackes, not recognised
on Sygnefjell. These possible turbidites are at the structural
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top of the supracrustal sequence, and were thus likely to have been 
tectonically derived from southeast of the metavolcanics, further 
into the basin.
However, to the northeast the graphitic schists and banded greenschists 
underlying the Vassenden Conglomerate (map 1) form part of a rather 
different sequence of rocks, including the Holleindalen Greenstones, 
suggested to be part of a back arc volcanic and sedimentary sequence 
(Elliott and Harvey 1980). The original relationship of these to 
the rocks described from Sygnefjell is uncertain, although the 
possibility was raised in chapter 3 that the Holleindalen Greenstones 
may correlate with the horizon of feldspathic greenstones seen southwest 
of Storevatnet.
9.3 SYNOPSIS OF DEFORMATION
This will be illustrated by a series of schematic diagrams (figs 9-8a
-9-8e). The deformations are described fully in chapters 4 and 5 and
metamorphism in chapter 7.
Fig 9-8a:- the earliest tectonic event recognised is represented by an
gAMPlHk
amphibolitic/(S/M early) in Jotun Nappe marginal orthogneisses. It 
may be equivalent to the E-W trending almandine-amphibolite fabric in 
the Western Gneisses, suggested by Banham (1968) to be syntectonic with 
the Hestbrepiggane Granite, dated at 1033 Ma (Priem et al 1973). This 
fabric was imposed prior to the laying down upon basement of the
supracrustal rocks described in section 9.2 (fig 9-8b).
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Fig 9-8c:~ is the first deformation identified in both basement 
(i.e. Jotun Nappe) and cover, producing a penetrative epidote - 
amphibolite fabric axial planar to isoclinal folds. These mesoscopic 
structures and contemporaneous recrystallization are only rarely 
seen in the cover sequence and could not be distinguished in the 
Western Gneisses, but are strongly developed in the Jotun Nappe 
producing a penetrative fabric in the Basic Gneiss Complex and pervasive 
recrystallization elsewhere. From this it is inferred that the focus 
of deformation was to the southeast of the presently exposed sup­
racrustal sequence. The thickness of overburden implied by occasional 
relics in these supracrustals (fig 7-7) is far greater than that 
calculated for the supracrustal sequence in section 9-2; this may 
imply the former existence of a thick sequence of rocks overlying 
those now outcropping on Sygnefjell, subsequently lost by erosion 
(see section 9.5).
Fig 9-8d:- The effects of are seen throughout the sequence, 
although folds are rare in the parautochthon, perhaps as a result of 
cushioning by basement. Narrow simple shear zones generate mylonites 
in the basement, and the larger of these (in particular that underlying 
the Igneous Complex) must transport basement (i.e. the present Jotun 
Nappe) over the cover. The folds are shown as initialy propagating 
subvertically, as a response to layer-parallel shortening. At higher 
levels the effects of overriding by basement along shear zones, and 
collapse under gravity, will impose a more reclined geometry upon them, 
to face northwestwards as deduced in the Vassenden Conglomerate. The 
folds hinges also rotate towards the finite extension direction. High
37-1
strain rates are accommodated by mylonitic processes of crystalline 
deformation throughout much of the sequence.
Fig 9-8e:- Maximum compressive stress now operates oblique to the 
reclined F^  and S^c layering. Basement overriding introduces a 
component of simple shear to the deformation (chapter 9). Conditions 
of approximate plane strain result from this (chapter 6). F^/S^c 
became refolded by asymmetric buckle folds during D^. The northwesterly 
overturning of F^a and reduction of pressure and temperature lead to 
north transporting brittle faults accommodating section shortening 
Later deformation events (D^ to D^ ) are a response to the weight of 
the nappe pile thus created, this inducing basement reactivation.
9.4 REGIONAL SYNTHESIS
9.4.1 INTRODUCTION
The Caledonian orogenic belt is now generally accepted as being 
the product of collision between Baltic-European and Greenland- 
American continental plates, along a geosuture believed to exist west of 
the present Norwegian coastline (e.g. Nicholson 1971, Gale and Roberts 
1974, Gee 1975). The Scandinavian allochthon is regarded by most 
workers as having been thrust southeastwards for considerable distances 
from this suture, onto the Baltic foreland.
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9.4.2 THE PLATE TECTONIC SETTING OF SOUTHERN NORWAY DURING THE 
CALEDONIAN OROGENIC CYCLE.
The lapetus Ocean initiated folowing a distensional phase of intra­
continental crustal rupture during the late Precambrian (Gee 1Q75, 
Roberts and Gale 1978). On the margin of the Baltic Shield this 
distension resulted in the formation of intracontinental rift valleys 
(Bj^rlykke et al 1976) or aulacogens (Roberts and Gale 1978). Within 
these fault controlled basins the 3-4km thick Late Precambrian Hedmark 
Group (Norwegian "sparagmite", a term not used here) was deposited.
This group comprises meta-arkoses and deeper water shales and grey- 
wackes passing up into deltaic conglomerates, shallow water limestones, 
shales and sandstones; the Vendian Moelv Tillite follows (Skjeseth 
1963, Englund 1973). The overlying psammitic sequence (the Vangâs 
Formation) marks the close of basin-controlled sedimentation prioir to 
Cambrian transgression (Bj^rlykke et al 1976) reflected in an onlapping 
Lower Palaeozoic autochthon north of Oslo. The Hedmark Group presently 
lies east and northeast of the Faltungsgraben (fig 9-9a)and has been 
correlated with the Valdres Group of the Valdres Nappe (Nickelsen 1974) 
and with the Kvitvola Nappe (Holmsen and Oftedahl 1956) within the 
Jotun Nappe Complex. Underlying the Valdres Nappe (see section 1.2.7) 
is the Quartz Sandstone Nappe coextensive with the Vangâs Formation 
(Nystuen 1981). The degree of horizontal displacement, and thus 
basin palaeoposition, is a controversial matter. The traditional 
view is that the Hedmark Group is parautochthonous (Schiotz 1902,
Englund 1973, Roberts and Gale 1978), deposited within a basin 
underlying its present area of outcrop and having undergone only minor
Precam brian 
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Caledonian southeastward transport of 20-30km (Rj/rlykke et al 1976). 
Alternatively it has been suggested that the Hedmark Group is underlain 
by a major thrust and is allochthonous (Oftedahl 1943). This view 
is supported by recent estimates of thrust displacements of the 
Hedmark and Vangâs Group (minimum 140-170km - Nystuen 1981) and 
Quartz Sandstone Nappe (minimum 100km Hossack 1978). The contrasting 
basin palaeopositions implied by each of these models are shown in fig 
9-9L. Northwest of these basins the expanding lapetus ocean is the 
site of mostly Lower Palaeozoic sediment deposition and submarine 
lava extrusion. Arguably, none of these western sequences are 
present in the Jotun Nappe Complex, but they do form the bulk of the 
Trondheim Nappe Complex to the north (fig 9-9a). The relationship 
between the two structural units is uncertain; the Trondheim Nappes 
have been variously suggested to underlie (Strand, pers. comm., 
quoted in Hossack 1978) or overlie (Andresen and Faerseth 1982) 
the Jotun Nappe. The Trondheim Nappes comprise pelitic and psammitic 
schists of uncertain age (the Gula Group) tectonically overlain by 
up to 3km thickness of basaltic lavas (greenstones) of Pre-Arenig 
to Arenig age (Storen Group). These lavas have ocean floor tholeiitic 
characteristics but pass up into an Ordovician and Silurian arc/ 
back arc basin sequence, the Hovin and Horg Groups (Roberts 1978).
Most plate tectonic models therefore envisage that by Early Ordovician 
times an easterly dipping subduction zone and island arc complex 
existed along the Baltic margin of the lapetus ocean (Gale and Roberts 
1974, Gee 1975, Furnes et al 1976, Andresen and Fae:rseth 1982) - see 
fig 9-11. The polarity of subduction is not proven and papers 
by Horne (1979) and very recently by Cuthbert et al (1983) have
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postulated westerly subduction.
Continental collision probably began in the Middle Ordovician, as 
implied by the appearance of volcanic debris in epicontinental 
sediments of that age (stage 4a and stage 8-9, Dypvik 1977) in the 
Oslo region (Bj^rlykke 1974, Dypvik 1977). Pre-Ashgillian tectonism in 
the western eugeosynclinal facies has been noted e.g. by Naterstad 
(1976). The main phase of Nappe emplacement, with the translation 
of the eugeosyncilinal sequence over the intracontiental deposits 
of the Baltic foreland, is considered to have taken place in middle 
Silurian to early Devonian times (Gee 1975, Sturt 1978).
9.4.3 THE ORIGIN OF THE JOTUN NAPPE
The view that the Jotun Nappe is a klippe derived from a northwesterly 
source area in the region of the present North Sea is accepted 
by most geologists working in South Norway (see sections 1.2.7 and 
1.2.8, and fig 1-6). The dense root of gabbroic rock suggested by 
gravity profiling across the nappe (Smithson et al 1974) is consigned 
to a source in underlying basement. This autochthonous basement 
is exposed to the northwest in a large window formed subsequent to 
nappe emplacement, the Western Gneisses. Displacements estimated 
from balanced cross sections on the southeast side of the Jotun Nappe 
indicate minimum shortening of as much as 365km (Hossack 1982).
This large amount of displacement is often taken as evidence militating 
against a local origin for the Jotun Nappe, as originally suggested 
by Goldschmidt (1916) and more recently reiterated on geophysical and
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structural grounds by Smithson et al (1974) and Banham et al (1979). 
The most powerful argument in favour of the latter model is the 
northwesterly directed displacement observed in areas on the 
northwestern margin of the nappe (Skjerlie 1957, Kvale 1960,
Oftedahl 1961, Barkey 1970, Battey and McRitchie 1973, 1975, Banham 
et al 1979) implying derivation from a zone of closure between 
basement blocks (Jotun suture of Banham et al 1979) underlying the 
outcrop of the nappe itself.
However, Mykkltveit et al (1980) report the presence of a low velocity 
layer identified by a COCORP reflection profile at 12-14km depth below 
ground in the Western Gneiss region. Both they and Cuthbert et 
al (1983) interpret this as a low angle suture underlying the gneisses 
causing crustal thickening and depression of the Moho under central 
south Norway (Sellevol 1972). This evidence suggesting that the 
Western Gneisses are a part of the Caledonian allochthon, a large 
nappe with its erosive toe now exposed along the southeast margin 
of the Jotunheim (Hossack 1981), allows a new model to be proposed 
for the origin of the Jotun Nappe Complex.
9.5 A MODEL FOR THE DEVELOPMENT OF THE JOTUN NAPPE COMPLEX
A series of diagrams (figs 9-lOa to 9-lOf) is presented.
Fig 9rlOa. Late Precambrian rifting of the Baltic Shield, with the 
deposition, in an intracratonic basin, of Hedmark Group type 
deposits. The Sygnefjell sequence was laid down in the northern 
part of this basin. Minor tholeiitic submarine volcanism, of
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intraplate type occurs, but was subordinate to clastic sedimentation 
of debris derived from surrounding land areas of crystalline rock.
The east-west ot northwest - southeast (feeder?) dyke trend recorded 
in some of these basement rocks may reflect a broadly similar trend 
to the fault controlled basin i.e. at a high angle to the continental 
margin (as suggested by Bj^rlykke et al 1976).
Fig 9-lOb. Basin shallowing recorded by the Vassenden Conglomerate 
and Bovertun Meta-limestones was followed by Cambrian transgression 
across the foreland. To the north and south of the basin Cambro- 
Ordovician shelf sediments were deposited directly onto basement, 
and on the continental margin passed into eugeosynclinal back arc 
deposits on lapetus ocean crust.
Fig 9-lOc. With ocean closure the eugeosynclinal sequence became 
thickened and imbricated. On the Baltic Shield sedimentation continued, 
the erosion of the already metamorphosed eugeosynclinal rocks being 
reflected in the geochemical and mineralogical changes noted in 
Middle Ordovician platform sediments in the Oslo area by Bjorlykke 
(1974) and Dypvik (1977). The subsequent collapse of the eugosynclinal 
nappe pile caused gravity spreading or gliding of these rocks over 
the Baltic foreland, onto the intracontinental basin supracrustals. This 
is the missing thickness of overburden implied by early metamorphic 
crystallization on Sygnefjell referred to in section 9-3- may have 
been a flattening under the weight of this allochthon.
Fig. 9-10 d. The Hedm ark Group basin telescoped (on Sygnefjell D
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folding begins) and a crustal scale thrust fault propagated under the 
toe of the Baltic foreland (the Western Gneisses) keyed by thinned 
continental crust and old extensional faults. This is suture 
progradation, after Dewey (1982) and Carswell et al (1983). The 
eugeosynclinal nappes were carried passively, but Hedmark Group 
sediments in the southeast of the basin were overridden to create 
a younger series of thrust sheets, the Valdres and Quartz Sandstone 
Nappes. Displacement on this Western Gneiss basal thrust may have been 
considerable, but acceptance of the model proposed here renders inv­
alid previous estimates (Hossack 1978, 1982) which were based on the 
assumption that sub-Jotun thrust sheets in the Valdres area continued 
below the nappe as klippen.
Fig 9-lOe. A backthrust developed, possibly arising from a ramp caused 
by isostatic depression of the foot wall rocks and located by old 
extensional faults. At depths its nature was essentially ductile (D^) 
but nearer the surface thrust faults develop (Dy). The pop-up 
constrained by this back thrust is the Jotun Nappe. It transposed 
basement-type rocks over their former cover, but the amount of 
displacement is thought to have been limited, although greater than 
the 17km minimum suggested in section 9.2. This implied that the 
Precambrian gneisses seen on the west Norwegian coast at Stavfjord 
are not the trailing edge of the Jotun Nappe as postulated by Hossack 
(1982) but part of a separate sheet.
Fig 9-lOf. Erosion to the present ground surface. Isostatic uplift 
in the area of doubled crust, below the Western Gneisses and 
eugeosynclinal nappes provides the impetus for great erosional
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stripping here, to bring the Western Gneiss basal thrust to 
within 14km of the surface, as indicated by the low velocity 
layer (Mykkeltveit et al 1980). A few relics of the eugeosynclinal 
nappe pile are preserved, such as the Holleindalen Greenstone 
sequence (Elliott and Harvey 1980). The Hedmark Group cover to the 
Jotun Nappe is also removed except for marginal relics e.g. Gronsenn- 
knipa (Hossack 1972). That the Jotun Nappe Complex does not root 
to the northwest of'the Western Gneisses reduces the vast thickness of nappe pile 
needed to have been eroded from the coastal areas of south Norway prior to the de­
position of Downtowniart or later Devonian sediments (20km of eugeosynclinal nappes 
alone, Hossack 1983). As noted by Hossack (1981) the cross-sectional 
shape of the Jotun crystalline mass, if an upthrust wedge, is probably 
compatible with the best fit profile derived from the Bouger gravity 
anomaly by Smithson et al (1974).
The extension of this model to the whole of the nappe sequence in the 
Faltungsgraben is suggested by work on the northwestern side
of the Bergsdalen (Forster 1980, Hopper 1981) and Bergen (Johns 1981)
Nappes which described northwesterly directed tectonic transport.
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APPENDICES
APPENDIX 1;- MINERAL IDENTIFICATION AND MODAL ANALYSES.
A Vickers polarizing microscope was used to examine thin sections 
(0.03mm thick). Most minerals were identified by standard optical 
techniques. K-feldspar was differentiated from plagioclase and quartz 
by staining, using the method of Chayes (1952):- cover slips were 
removed and the thin section etched with hydrofluoric acid vapour 
(at 35^ C) for 30 - 40 seconds in a fume cupboard. The thin sections 
were then immersed for 3 minutes in sodium cobaltinitrite at 20°C, 
prior to being washed in running water for 2 minutes. The cover slips 
were then replaced. All potassic minerals are discoloured by this stain, 
which also tends to affix along grain boundaries- for these reasons 
care must be taken in the identification of stained, or apparently 
stained, minerals in biotite-rich or fine-grained rocks. Calcite 
was differentiated from dolomite by staining with alizerine red-S 
following the method of Dickson (1965) but omitting his stage B 
(enhancement with potassium ferrocyanide) as unnecessary.
The percentage anorthite content or plagioclase was determined 
by the Michel-Levy statistical method. The extinction angle from 
the fast ray, to left and right, of sets of polysynthetic twins was 
averaged (if within 6°). The highest reading of 8-10 grains (if 
possible) was used to estimate the An content from the graph of Kerr 
(1959). Ambiguous compositions with extinction angles of less than 
20° were discriminated by their optical sign and indices of refraction
40
relative to quartz or balsam.
A Leitz polarizing microscope and universal stage were used to 
analyse the crystallographic orientation of quartz grains in five 
thin sections. These sections were cut in the XZ plane of the 
finite strain ellipsoid determined from mesoscopic structures.
C-axes measured on the U-stage were projected onto a stereogram 
of this plane. Details of this technique are to be found in 
Turner and Weiss (1963).
The modal mineralogy of a number of specimens was determined. Thin 
sections were cut perpendicular to any banding in the rock and set on 
a slide such that the trace of banding was at 45° to the edge of 
the slide. This is to reduce the possibility of a disproportionate 
number of point identifications being taken from one mineralogical 
component of a banded rock. In most cases the thin sections were also 
stained by the methods previously outlined. A mechanical stage and 
point counter were then employed, the interval of the stage being 
set dependent upon the coarseness of the rock. 800 points were counted 
in each specimen, except in two where the thin section area was not 
great enough to allow this, and 400 points were counted. Early 
experiments were carried out to identify the optimum number of 
point identifications necessary for an accurate result; above 
800 points it was found that mineral proportions changed little. A 
fuller account of this technique is given in Chayes (1956).
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APPENDIX 2:- GEOCHEMICAL METHODS
All specimens were analysed for major and trace elements, and some 
were selected for the analysis of rare earth elements (REE) - see 
table A-A. Specimens were first reduced to rock powder using, 
sequentially, a hydraulic rock splitter, a jaw crusher and finally 
a carborundum tema. All items of equipment were washed with acetone 
and dried between each specimen.
Major and trace elements were analysed using X - Ray Fluorescence 
Analysis on a Philips PW 1400 X-Ray spectrometer. Two methods of 
sample preparation were used; for trace element analysis 6 grams 
of rock powder was mixed with 1 gram of Bakelite phenolic resin.
This mixture was pressed into a pellet at 15 tons and the pellets 
hardened for 20 minutes in an oven at 110°C. For major element 
analysis 0.4 grams of rock powder were added to 2.4 grams of 
Johnson Matthey Spectraflux 104 (lithium tetraborate and lithium 
carbonate) in a platinum gold crucible. This was placed in a furnace 
at 1000°C and fused, prior to being pressed into a vitreous bead 
while still molten using a former and press at 150°C. Duplicate samples 
were prepared for each specimen, cooled and placed in a dessicator 
awaiting analysis. The techniques of X-ray fluorescence analysis 
are fully described in Leake et al (1969), Norrish and Hutton (1969) 
and Harvey et al (1973). Traces were calibrated against USGS 
standards. Majors were calibrated against internal samples wet 
analysed and cross-checked against USGS standards. The USGS standards
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used are given in Flanagan (1973).
For each sample combined water was also analysed. First hygroscopic 
moisture was driven off by overnight heating in an over at 110°C. 
Then a weighed (0.5 gram) sample was placed in a furnace heated to 
1000°C. Dried air was pumped over it, and through a previously 
weighed dessicator tube, which collected combined water given off 
Both decrease in weight of the sample and increase in weight of 
the dessicator tube were measured to determine water content. This 
method is described more fully in Groves (1937). Major and trace 
element abundances are given in tables A-B and A-C. The abundance of 
the REE were determined by instrumental neutron activation analysis. 
Firstly 0.4 grams of rock sample was weighed into a small plastic 
container which was then sealed. Eight of the containers, plus 
two standards and iron foils (to measure neutron flux) were placed in 
a plastic tube. The tube was irradiated at the Ascot Reactor 
Centres and returned to Bedford. After six days "cooling" to 
allow the decay of short-lived background elements (especially 
sodium 24) the samples were each counted for the REE, La and Sm 
first. the resultant data were reduced by computer, using the peak 
stripping program SAMPO (Routi 1969). Calibration was against an 
internal Ailsa Craig standard cross-checked by USGS standards.
Absolute values thus derived for each element were then normalized 
against the chondritic abundances of Nakamura (1974). Full accounts 
of these techniques are given in Gordon et al (1968), Hertogen and 
Gijbels (1971) and Muecke (1980). Table A-D give the absolute
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SAMPLE LOCALITIES
ample No. Grid Reference Description
T5 4830 2706 Meta-monzonite
T6 II Meta-monzonite
T7 If Sheared Meta-monzonite
T8 II Sheared Meta-monzonite
T9 If Meta-monzonite
TIO ♦ If Sheared Meta-monzonite
Tll If Sheared Meta-monzonite
T12 If Strongly sheared Meta-monzonite
T13 * II Finely banded,dark,amphibolitic gneiss
Tl4 If Finely banded,dark,amphibolitic gneiss
TI5 ♦ II Finely banded,dark,amphibolitic gneiss
TI6 ♦ 4483 2780 Fine grained Meta-basalt from dyke
TI7 4413 2729 Coarse grained,intermediate,orthogneiss
T18 4404 2798 Coarse grain ed,in termediate,0 rthognei s s
TI9 4408 2804 Coarse grained,intermediate,orthogneiss
T20 4483 2780 Coarse grained,intermediate,orthogneiss
T21 44l4 2734 Coarse grained,intermediate,orthogneiss
T22 • 44l6 2712 Greenstone in contact with TI7
T23 4413 2726 Greenstone
T24 ♦ 4413 2719 Mafic,foliated orthogneiss
T23 * 4417 2712 Weakly banded,mafic orthogneiss
T26 • 4417 2703 Banded,mafic orthogneiss
T28 4423 2688 Banded Greenstone with quartz/feldspar lenticles
T31 * 4830 2706 Meta-monzonite
T32 * 4433 2638 Greenstone
♦Samples analysed for the rare earth elements.
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TRACE ELEMENT TABLE
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SampLe Zr irb Y Sr Rb Th
T5 262 12 24 627 118 n
t 6 244 12 24 661 116 3
TT 219 13 24 730 1 03 7
TS 226 1:2 23 735 n o 9
T9 212 II 25 64n i : i4 7
TIO 223 13 25 783 lo 6 10
TII 195 12 23 746 105 8
TI2 198 10 23 684 93 7
TI5 48 5 20 1370 68 4
TI4 77 6 18 1084 57 3
TI5 47 6 21 1310 2 3
TI6 59 7 28 546 57 5
TI7 73 I I r o 8 o 16 5
■TIS 713 23 31 1047 57 3
TL9 508 31 37 843 39 10
T20 274 21 33 1547 28 4
T2I 73 4 12 877 13 5
T22 212 13 42 342 61 3
T25 88 9 23 1:294 78 4
T24 351 22 33 633 90 8
T25 2 08 I I 42 LOGO 65 5
T26 492 23 31 563 79 4
T2T I4S IT 34 l;664 28 2
T28 ' 375 26 37 1367 99 4
T3I 281 1:2 24 ^57 116 6
T52 143 l4 39 1236 74 I
AIL values p.p»n.
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values, while normalized values are presented graphically in chapter 
3.
APPENDIX 3:- STRUCTURAL DATA
Stereograms of structural readings are Lower hemisphere projections 
onto a Lambert equal area net. Contouring was done by hand with the 
aid of a circular counter representing 1% of area (Phillips 1971).
The slight inaccuracy arising from the use of a circular counter on 
an equal area net was necessarily ignored.
The methods used to collect and manipulate data from strain markers 
are described in chapter 6 . A table giving the mean strains 
determined from the set of markers at each locality is also shown 
(table 6-A). Two additional tables are presented in this appendix, 
tables A-E and A-F which show the grid references of the measurement 
localities. They also give relevant structural data from each locality 
(from which strain ellipsoid axes were inferred), the orientation of 
measured joint surfaces and mean axial ratios from each of these 
(where applicable).
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